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Nomenclature 


^ross-sectional  area 
nozzle  width 
fluid  capacitance 

specific  heat  of  gas  at  constant  pressure 
inlet  diameter 
tube  diameter 


frequency  parameter 


channel  depth 

fluid  inductance  or  inertance 
thermal  conductivity 
tube  length 
mass  flow 

polytropic  constant 
aspect  ratio  (»  h/b) 
pressure  drop 
mean  and  supply  pressure  (gauge) 
pressure  (absolute) 

Prandtl  number  (=■  ,  c ^/k) 
fluid  resistance 
Reynolds  number  (=  TJb/  ) 
gas  constant 

LaPlace  transform  operator 
absolute  temperature 


'/ 
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average  supply  and  jet  ccntre-linc  velocities 
respectively 

volume 

supply  power 
absolute  viscosity 
kinematic  viscosity 
density 

connecting  line  and  passive  component  rise  time 
pure  tine  del  y 
switching  time 
aru*ular  frequency 
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n.TROpU'TION 


The  techniques  of  successful  design  often  involve  the  fusing 
together  of  a  wide  range  of  apparently  contradictory  requirements 
involving  mainly  technological,  social,  economic  .and  aesthetic 
considerations.  While  some  of  the  facets  of  engineering  design  have 
the  appearance  of  requiring  only  a  mechanistic  use  of  established 
information,  nevertheless,  technological  progress  has  only  been 
brought  about  by  the  designer's  willingness  to  grapple  with 
imperfectly  understood  ideas  and  transform  them  into  marketable 
products  in  the  present  not  the  future.  It  is  in  this  area  that 
uesign  is  truly  an  art  form. 

It  has  been  evident  for  a  number  of  years  that  fluidics  would 
present  the  designer  with  a  variety  of  difficult  problems,  and  to  a 
large  extent  the  growth  of  fluidics  has  reflected  this.  The  component 
designer  of  pure  fluidic  devices  has  been  faced  with  reconciling 
intractable  fluid  mechanics  problems  with  a  large  volume  of  empirical 
data.  The  systems  designer  has  found  the  dynamic  processing  of 
information  in  a  fluid  media  eoually  severe.  Finally,  the 
non-specialist  user  in  designing  applications  has  experienced  some 
difficulties  in  translating  his  experience  of  electronics,  pneumatics 
and  so  on  into  the  fluidics  area. 

Fortunately,  technology  is  never  static  for  long  and  some  of 
the  problems  of  the  day  disappear  as  new  ideas  and  design  philos¬ 
ophies  emerge.  While  the  component  designer  muBt  still  rely  heavily 
on  empirical  data  for  new  designs  of  pure  fluid  devices,  the  system 
designer  and  user  now  has  a  widening  range  of  standard  devices  at  his 
disposal  which  may  be  used  with  a  high  degree  of  confidence.  Whether 
or  not  a  designer  chooses  a  fluidic  solution  to  his  control  problem 
depends  on  many  factors,  but  we  are  now  at  the  stage  where  a 
comparison  with  other  techniques  nay  be  made  with  some  economic 
realism. 


FAS3IYF  FLUIDIC  SYSTEM  COKPCIiFTiT  CHARACTERISATION 


The  small  signal  analysis  of  lumped  parameter  characteristics 
associated  with  fluid  components  has  to  a  large  extent  been  developed 
over  many  years  in  the  field  of  acoustics.  Fluid  characteristics 
analogous  to  the  electrical  parameters  of  resistance,  inductance  and 
capacitance  have  been  identified  and  described  for  different  flow 
regimes.  The  use  of  passive  components  in  fluidic  as  opposed  to 
acoustic  systems  does  involve  3ome  practical  differences,  such  as:- 

a)  Higher  power  levels  are  usually  transmitted  through  the 
system. 

b)  I,arge  steady  flow  levels  may  be  superimposed  on  the  signal. 


Preceding  page  blank 
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c)  Fetching  to  pure  fluid  amplifiers  and  switches  is  required. 

d)  High  velocities  may  occur  in  the  system  under  compressible 
flow  conditions. 

The  most  easily  measure  independent  variables  in  a  fluid 
system  are,  of  course,  pressure  and  average  volume  flow  which, 
unfortunately,  loses  generality  by  excluding  compressible  flow.  The 
use  of  mass  flow  rather  than  volume  flow  is  more  complete  but  leads 
to  inconsistent  units  when  measuring  power.  Both  Kirshner  (Ref.l) 
and  Taplin  (Ref. 2)  have  suggested  modifications  to  the  pressure 
parameter  to  retain  consistency  when  using  mass  flow  as  the  other 
parameter.  Kirshner  has  proposed  a  mechanical  potential  from  fluid 
mechanic  considerations  and  Taplin  from  a  fundamental  thermodynamic 
approach  U3ed 

R  T  log  P 
g  Be 

Both  suggestions  have  their  merits  but  neither  haB  found  widespread 
acceptance  for  design  work,  probably  due  to  their  dissociation  from 
the  measured  physical  variable. 

The  lumped  parameter  characteristics  of  fluid  components  may 
be  found  from  the  properties  of  resistance,  capacitance  and 
inductance  (oi'  inertance)  analogous  to  their  electrical. counterparts. 
Figure  1  indicates  how  pressure  drop  p  and  mass  flow  K  completely 
specifies  each  of  these  characteristics  in  a  linear  system.  Rich 
will  now  be  considered  briefly  from  the  design  point  of  view. 

The  linear  properties  of  laminar  flow  through  tubular  and 
rectangular  capillt  passages  is  attractive  for  providing 
resistance  in  analogue,  and  to  a  lesser  extent  digital,  fluidic 
systems.  Provided  a  fairly  long  capillary  length  is  chosen 
(usually  greater  than  100  diameters)  non-linear  fluid  entrance  loss 
effects  can  be  minimized  to  give  a  linear  resistance  characteristic 
at  constant  fluid  temperature,  with  the  resistance  R  given  by  (Ref.5)» 


R 

1 28  a 

-  D  Ac 

where  D 

«  tube  diameter 

L 

=  tube  length 

(1) 


provided  the  flow  is  laminar.  This  requires  that  the  Reynolds 
Number,  Rg,  satisfies 


TTD 

R  -  -  <  2000 

e 


(2) 
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The  effect  of  viscosity  variations  with  temperat ure  may  not 
always  be  imored  in  determining  the  resistance  value,  and  indeed 
this  property  has  been  exploited  for  temperature  tennis  in  some 
fluidic  circuits.  The  main  practical  design  problem  in  calculating 
lacunar  resistor  values  is  the  extreme  sensitivity  to  errors  in 
measuring  the  tube  diameter  in  miniature  sices.  Pven  the  diameter 
variations  in  hypodermic  tubiiv  five  considerable  scatter  in 
calculated  values. 

Kany  of  the  channels  and  orifices  in  fluidic  systems  are 
rectangular  in  shape  with  low  aspect  ratio  depth,  h  /  width,  b).  In 
this  case  ‘he  resistance  for  laminar  flow  conditions  ie 

'  L  (*'  l  f‘\ 

—  '  1  -  (-  !*  -  (0 
.•Jib  V  h  v  b 

where 

(h\  i  '•  \  '  r.  h  , 

"  I  -  — r  /  —  — 

J  \  b  l—  n  b 


Methods  of  calculating*  the  capacitance  associated  with  fluid 
passage -.ays  ar.d  volumes  ar.d  the  inductance  or  inertance  associated 
with  fluid  inertia  are  well  known  for  simple  feocetric  conditions. 
For  a  simple  chamber  of  volume  V,  it  can  be  shown  (Ref.')  that  when 
it  is  filled  with  a  perfect  fas,  such  as  air,  the  capacitance  C 
caused  by  compression  of  the  fas  in  the  clamber  is  fiver,  by 


where  r. 


polytropic  constant 


For  air  the  value  of  n  can  vary  between  ”  and  1.4  depending*  on  whether 
the  pressure  charges  in  the  volume  vary  slowly  or  rapidly  respect¬ 
ively.  Katz  ar.d  ILastie  (Ref. i)  have  conducted  experiments,  usinr 
frequency  response  methods,  to  determine  the  actual  value  of  n  under 
different  dynamic  conditions.  Their  invest. nations  or.  cylindrical 
chambers  approximately  confirms  earlier  theoretical  work  that  the 
polytropic  constant  n  is  a  function  of  a  frequency  parameter  F, 
defined  by 
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F  - 

whe  rc  » 


For  air,  approximate  isothermal  conditions  occur  when  F  ’  1  and 

adiabatic  onditions  w i  'n  F  in  long  cylindrical  tubes,  although 

little  error  appears  to  arise  when  this  is  also  applied  to  short 
cylinders.  Further  work  is  required  on  the  heat  transfer  nechanism 
associated  with  fluid  capacitance  effects  for  more  complex  geometries 
and  under  varying  load  conditions. 

In  fluid  circuitry,  wherever  high  velocity  transient  flows 
occur  a  mass  of  fluid  is  accelerated  or  decelerated  causing  c 
significant  piessure  change  iue  to  the  fluid  inert iu.  In  a 
relatively  sm.nl  diameter  tube  of  cross-se-'t zonal  s.rea  A  and  length 
L  it  car.  be  shown  th.it  Ref.')  the  fluid  inductance  or  inertance  H 
is  riven  -uite  simply  by 

H  -  L'A  (6) 

The  relationships  of  C  and  H  to  the  mass  flow  and  pressiure  drop  are 
as  defined  in  Figure  *. 

The  ideis  f  lumped  fluid  inertance  could  well  be  extended 
beyond  the  simple  geometries  of  tubes,  convergent  and  divergent  ducts. 
Calculations  involving  inertance  crust  almost  invariably  be  coupled 
with  a  corresponding  resistance  term.  •’her.  considering  *he  frequency 
response  f  these  parameters  in  fluidic  systems,  very  commonly  the 
inductive  reactance  is  at  leas*  one  order  of  magnitude  smaller  ♦han 
the  capacitive  reactance  or  the  resistance.  The  exception  to  this  is 
in  resonant  circuits  such  as  the  Helmholtz  resonator. 

Some  systems  parameters,  such  as  orifice  flow  resistance,  are 
non-linear  bu*  ‘heir  analysis  is  considerably  simplified  if  algebraic 
manipulation  of  linear  functions  is  used.  Foot  systems  designers  use 
the  linearizing  approximations  of  small  signal  analysis  to  overcome 
this  difficulty  while  digital  computer  simulation  is  increasingly 
being  used  for  synthesizing  systems  with  large  signal  changes. 

When  the  physical  size  of  a  fluid  component  becomes  significant 
compared  with  the  wavelength  of  the  acoustic  signal  being  propagated 
through  it,  the  concept  of  lumped  parameter  properties  for  the 
component  breaks  down  and  it  must  be  considered  to  have  spatial  as 
well  as  time  variations  of  pressure  and  flow.  This  is  commonly  known 


-  ‘  -c 

Prandtl  number  -  — 


k 

angular  frequency  of  oscillation 
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is  a  distributor  parameter  ays  tea  and  is  particularly  relevant  to  the 
characteristics  of  the  cot  nee  ting  passages  and  linen  in  fluidic 
systems.  A  considerable  voltime  of  literature  has  existed  for  many 
years  or  electrical  transmission  lines  and  acoustic  properties  of  long 
lir.e3  but  ‘lie  growth  of  interest  in  fluidic  systems  has  stimulated  a 
:  rear,  s  .rge  of  research  into  fluid  transmission  lines,  harly  papers 
fluid  transmission  lines  were  based  on  an  elemental  one-dimensional 
m  del  of  the  line  consisting  of  constant  resistance,  ir.ertance  and 
capacitance  terms.  However,  i*  was  observed  that  short  pulses  and  fast 
rise  ’.me  s'op  ,  such  is  might  occur  in  a  fluidic  digital  circuit, 
iisperre  such  m  re  rapidly  them  such  models  predict. 

A1  though  the  actual  transmission  line  is  not  strictly 
one-i.mer.oi or.al ,  it  io  possible  to  include  va  ying  velocity  profile 
and  h^a*  transfer  effe  *s  in  *he  model  which  largely  account  for 
c . .tua  1  d.rreroii  n.  'la..sic  papers  by  Nichols  (Rer.5)  and  Iberall 
ef.*  have  given  ‘he  fre  ue:  cy  response  cf  linear  fluid  lines 
U3ir«g  'his  approach  while  Sr  own  ef.7)  has  developed  the 
corresponding  transient  response  based  on  the  propagation  operator 
and  oharactenst ic  impelance  concepts  familiar  to  electrical 
etg.neers.  "  re  re  er.tly  'chaedel  t-.'.O)  hae  extended  the  analysis 
*  fluid  transmission  . .r.es  with  rectangular  cross-section,  which  1b 
particularly  relevant  *  the  dynamic  analysis  of  integrated  fluidic 
circuits,  "sirg  mgs ‘.or  programmes  based  on  these  models,  workers 
such  as  -range  -ef .  have  reen  atle  t*  show  good  correlation 

be •  ween  ‘he  re'.ml  and  experimental  frequency  response  character- 
.s*.cs  for  wall  defined  linear  load  terminations  to  the  line. 

In  practice  t  flu:  transmission  line  is  lsually  terminated 
by  a  valve  or  or.f.ce  producing  a  non-linear  pressure-flow 
'haracter.s* ic .  As  the  control  impedance  of  most  fluidic  elements 
i s  not  high,  significant  mean,  flown  may  be  superimposed  on  the  sigial 
level  ‘heresy  increasing  distortion.  In  a  recent  paper  ."trunk 
ef.'  has  analysed  the  distortion  in  the  frequency  response 
caused  by  orifice  type  loads  using  a  per* urbati on  ‘echnique.  He 
chows  that  a  second  harmonic  distortion  is  produced  which  is  a  direct 
function  of  the  ratio  of  the  signal  amplitude  to  the  mean  flow. 

"sing  a  lead  .mpedance  »*rea‘er  than  the  characteristic  value  reduces 
the  distortion  although  at  frecuer.cies  close  to  resonance  conditions 
distortion  car,  be  expected  to  .ncreaue. 

From  the  designers  point  of  view,  fluidic  transmission  lines 
remain  a  complex  area  and  it  is  unlitcely  that  accurate  predictions 
of  their  characteristics  can  be  made  without  recourse  to  computer 
programmes.  The  transient  response  required  for  digital  systems 
analysis  is  more  laborious  to  handle  than  the  frequency  response 
and  at  the  present  time  no  fast  transform  method  appears  to  be 
available  to  keep  storage  capacity  requirements  within  reasonable 
limits. 
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3. 


FLUID  DIGITAL  DEVICES 


Digital  fluid  devices  may  be  broadly  divided  into  non-moving 
part  (•pure*)  and  moving  part  and  many  of  them  perform  similar 
functions.  They  may  be  classified  as  fluidic  if  they  operate 
relatively  rapidly  compared  with  conventional  pneumatic  and 
electro-mechanical  control  valves  and  if  they  are  also  designed  to 
have  very  high  reliability.  Operating  pressures  vary  considerably 
from  0.1  to  20  bars  and  are  generally  dependant  on  whether  they 
are  ' open- centre ' ,  requiring  flow  through  the  device  continuously, 
or  'closed-centre'  requiring  flow  only  during  the  switching  action  in 
most  cases.  Pure  fluid  devices  fall  into  the  former  category  and 
therefore  operate  at  low  pressures  while  moving  part  devices  are 
usually  closed-centre  and  may  have  a  wide  range  of  operating 
pressures.  Fig.  2  taken  from  Bouteille  (Ref.1l)  summarises  the 
classification  of  fluid  logic  devices  in  terms  of  operating 
pressures. 

The  main  types  of  pure  fluidic  digital  devices  are:- 

(i)  Wall  re-attachment 

(ii)  Turbulence 

(iii)  Momentum  interaction 

although  other  effects  such  as  jet  impact  modulation,  vortex 
feedback,  wall  reflection,  and  so  on  have  been  used. 

The  wall  re-attachment  of  a  jet,  first  described  by  Ooanda, 
was  used  by  Bowles  in  the  late  1950's  in  a  series  of  practical  fluid 
logic  devices  which  have  remained  virtually  the  same  in  general 
operation  to  the  present  day.  The  two  basic  elements  are  the 
R-S  memory  device  and  the  two  input  OR  -  NOR  monostable  device  which 
may  be  used  to  generate  all  the  standard  logic  functions,  as  shown  in 
Fig. 3  (Ref. 11).  In  all  cases  the  elements  are  active,  that  iB  to  say 
that  a  separate  fluid  supply  is  required,  in  addition  to  the  input 
and  output  signals,  with  pressure  levels  in  the  range  0.1  to  0.7  bar. 

The  turbulence  digital  element  was  developed  by  Auger  (Ref. 12) 
a  few  years  later  using  the  well  known  transition  of  a  laminar  jet  of 
fluid  to  the  turbulent  state.  It  produces  only  an  active  multiple 
input  NOR  function  and  consequently  the  range  of  standard  logic 
functions  require  rather  more  elements  for  their  implementation  as 
shown  in  Fig.4>  (Ref.1l).  Supply  pressures  are  usually  very  low  in 
the  range  .015  to  .15  bar. 

Passive  momentum  interaction  elements  for  digital  applications 
seem  to  have  been  originally  suggested  by  Greenwood  (Ref.  13)  and  has 
lead  to  the  development  of  OR,  AND,  EXCLUSTVE-OR,  and  HALF  ADDER 
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functions.  Glaettli  (Ref.14)  and  others  have  also  suggested  an 
active  EQUIVALENCE  element  based  predominantly  on  the  same  principle 
which  is  useful  in  some  computational  circuits.  Because  of  signal 
degradation  through  a  passive  fluid  logic  device,  care  must  be  taken 
in  cascading  such  elements  and  usually  a  prefered  arrangement  is  to 
integrate  passive  elements  into  the  inputs  of  active  wall  re-attach- 
ment  elements  thereby  giving  greater  logic  power  and  flexibility  and 
minimising  the  danger  of  the  user  placing  passive  elements  in 
unusable  configurations. 

While  the  early  development  of  pure  fluidics  took  place 
largely  in  America,  the  corresponding  expansion  of  low  pressure 
moving  part  devices  took  place  mainly  in  Eastern  Europe  at 
approximately  the  same  time.  Of  course,  high  pressure  pneumatic 
poppet  and  spool  valve  systems  had  existed  long  before  then  and 
indeed  had  been  designed  in  systems  as  logic  devices  by,  for  example, 
Kartonair  in  England.  However,  the  new  generation  of  moving  part 
devices  were  highly  miniaturised  and  simple  geometrically  making  them 
very  reliable  with  good  response  so  that  they  could  be  built  into 
complex  circuits. 

The  main  types  of  moving  part  digital  devices  are:- 

(i)  Double  diaphragm  stack  with  static  force  balance. 

(ii)  Three  diaphragm  stack  with  static  force  balance  or 
back-pressure  operation. 

(iii)  Single  diaphragm  with  flow  over  surface. 

(iv)  Single  diaphragm  with  ejector  nozzle. 

(v)  Free  foil. 

Although  other  moving  part  devices  have  been  made  based  on  different 
principles,  undoubtably  the  high  reliability  possible  with  diaphragm 
actuation  has  lead  to  itB  inclusion  in  all  the  most  successful 
configurations.  Operating  pressures  are  usually  in  the  range  0.1  to 
1  bar  although  higher  pressures  may  be  used. 

Historically  the  triple-diaphragm  Useppa  unit  developed  in  the 
USER  was  the  first  of  the  low  pressure  moving  part  logic  systems  to 
be  reported  by  Berends  and  Tal  (Ref.lh)  and  this  was  followed  shortly 
by  the  Dreloba  double  diaphragm  device  in  the  GDR,  operating  on  the 
force  balance  principle,  attributed  to  Topfer  et  al  (Ref . 16).  Fig. 5- 
shows  the  logic  function  of  this  device.  The  configuration  was 
subsequently  refined  in  a  three  diaphragm  arrangement  called 
Trimelog  by  Helm  et  al  in  Hungary.  Yet  a  further  system  developed  by 
Brychta  (Ref. 17)  independently  in  Czechoslovakia  consists  of  a 
diaphragm  restricting  the  output  from  an  ejector  nozzle,  which  has 
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the  advantage  in  3ome  applications  that  the  output  pressure  may  be 
switched  between  supply  and  suction  pressures.  More  recently 
diaphragm  valves  have  been  developed  in  West  Germany  and  a  novel 
planar  diaphragm  element  which  performs  the  logical  NOR  function  has 
been  reported  by  Jensen  et  al  (Ref. 18)  in  America.  Very  high 
pacicaging  densities  appear  to  be  possible  with  the  latter 
configuration  together  with  rapid  response.  Fig. 6.  from  Ref. 11 
summarises  the  standard  logic  functions  for  the  element. 

Possibly  the  simplest  type  of  geometry  for  a  moving  part  logic 
device  is  provided  by  the  foil  element  originally  proposed  by  Bahr 
(Ref. 19)  in  1965*  The  basis  of  the  element  is  a  free  moving  disc  or 
foil  contained  in  a  chamber  of  a  shape  to  constrain  the  fell  to  move 
in  a  direction  normal  to  the  plane  of  the  foil.  The  parts  of  the 
chamber  to  which  the  supply,  input  and  output  connections  are  made 
determine  the  logic  function  of  the  element.  The  main  configuration 
give  NOT,  OR,  bistable  and  diode  functions. 

A  number  of  pure  fluid  and  moving  part  devices  fall  into  the 
category  of  threshold  logic  devices;  that  is,  elements  with  several 
input  connections  arranged  so  that  they  switch  when  a  given  number 
of  input  signals  are  present.  Such  devices  have  great  logic  power 
but  are  usually  very  complex  and  rather  slow  in  operation.  Possibly 
the  most  ingenious  of  these  is  a  multiple  bag  diaphragm  arrangement 
developed  by  Stivin  (Ref. 37)  in  Czechoslovakia  for  machine  tool 
applications.  It  is  possible  that  its  complexity  made  it  unreliable 
in  operation. 


4.  DIGITAL  COMPONENT  CHARACTERISTICS 

The  design  of  fluidic  circuits  using  digital  components  require 
the  specification  primarily  of  power  consumption,  fan-in  and  fan-out, 
pressure  and  flow  recovery,  and  swa . 'hing  characteristics. 

Considerable  attention  has  been  paid  to  the  power  consumption 
of  pure  fluid  wall  re-attachment  devices,  which  by  their  nature  are 
open  centre  devices.  For  the  flow  of  an  incompressible  fluid  from  a 
rectangular  cros3-section  nozzle,  the  supply  pressure,  p  ,  and  the 

supply  power  W  are  given  by 

8  • 
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Dmall  (Ref. 20)  has  shown  that  the  minimum  operating  Reynolds 
Number  for  wall  re-attachment  is  independant  of  elements  size  so  that 
the  minimum  power  consumption  of  an  element,  *>or  a  Siven 

fluid  can  now  he  expressed  from  equation  (8)  as  3 

.  Const, 

s'min  b 

In  other  words,  the  minimum  power  consumption  is  inversely  proport¬ 
ional  to  element  size.  Muller  (Ref. 21 )  and  others  have  confirmed 
the  same  relationship.  It  would  also  be  expected  that  the  turbulence 
amplifier  would  show  the  same  characteristics  although  the  power 
levels  would  be  much  lower. 

Various  workers,  including*  Glaettli,  Muller  and  Zingg  (Ref. 22), 
have  shown  that  the  minimum  Reynolds  I.’umber  of  spontaneous  turbulent 
wall  re-attachment  is  in  the  region  of  ,500  -  *,000  for  a  unity 
aspect  ratio  nozzle.  This  may  be  reduced  somewhat  for  aspect  ratios 
up  to  5  or  4  but  increases  abruptly  for  aspect  ratios  of  less  than 
unity.  Tests  by  Rechten  and  Muckier  (Ref.  •')  3how  that  it  is  possible 
to  obtain  re-attachm~nt  well  into  the  laminar  flow  regime,  at  the 
expense  of  power  consumption,  by  using  aspect  ratios  of  at  least  10. 

In  practice  most  wall  re-attachment  devices  operating  with  gases  are 
designed  with  an  aspect  ratio  between  2  and  4  based  on  a  nozzle  width 
in  the  range  0.25  -  0.40  mm.  Zupply  pressures  are  usually  chosen  well 
away  from  the  minimum  Reynolds  ’lumber  condition,  0.2  to  0.7  bar  being 
typical.  This  corresponds  to  a  power  consumption  in  the  range  1  -  10 
fluid  watts.  In  comparison  the  turbulence  amplifier  normally  consumes 
rather  less  than  0.1  watt. 

Digital  fluidic  devices  are  not  confined  to  air  as  the  supply 
fluid  but  have  been  used  with  water,  oil,  steam,  kerosine  and  so  on. 

It  is  unlikely  that  complex  logic  circuits  using  pure  fluidic  devices 
operating  with  liquid  supplies  will  be  used  to  any  significant  extent 
due  to  high  power  consumption  involved.  For  example,  a  small  size 
wall  re-attachment  element  using  hydraulic  oil  typically  consumes 
100  fluid  watts  of  power.  However,  there  is  an  interesting  trend 
to  use  large  scale  pure  fluidic  elements  for  process  control 
applications  in  which  the  device  is  inserted  directly  in  a  liquid 
or  ga3  stream  to  provide  ouch  functions  as  flow  metering,  diversion, 
regulation  and  mixing.  Ixsad  matching  vent  channels  are  usually 
omitted  to  avoid  re-circulating  the  process  fluid  and  the  element 
profile  is  designed  for  the  particular  load  conditions  required  by 
the  application. 

Moving  part  devices,  require  little  power  when  used  in 
pneumatic  logic  circuits  and  nay  operate  at  pressures  often  in 
excess  of  1  bar.  Most  of  these  elements  do  not  require  continuous 
power  consumption  in  any  switched  state,  apart  from  that  due  to 
small  leakage  flows,  but  rather  a  static  pressure  signal  combination  to 
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hold  the  device  in  the  required  state.  However,  duriny  switchiny  the 
supply  and  vent  ports  may  be  momentarily  connected  together  thereby 
cauoiny  siyni f leant  power  looses  for  very  short  periods  of  time, 
dtatic  switching  elements  may  be  designed  in  which  the  vent  port  is 
always  closed  before  the  supply  port  is  opened  during  the  switching 
cycle.  They  consume  little  power  and  are  particularly  useful  for 
complex,  low  speed  circuitry.  However,  the  apparent  advantage  of 
moving  j»art  loyic  devices  over  their  pure  fluid  counterpart  in  not 
straightforward  as  loyic  power,  response  time  and  so  on  must  be  taken 
into  account  in  doci  tiny  the  be3t  type  of  device  to  use. 

As  the  power  consumption  retirements  of  moving'  part  devices  in 
low,  there  in  some  attraction  in  usinff  them  for  liquid  systems.  Of 
course,  *  a  l  a  rye  extent  *his  has  beeji  done  for  many  years, 
particularly  in  hydraulic  systems  where  relatively  la  rye  spool  valves 
are  widely  used  for  sequence  control .  rovidei  the  oil  in  well 
filtered.,  ther*  is  little  ioubt  th»t  highly  miniaturised  valves 
■  aid  be  use:  with  the  advantages  of  him  paoKiny  density,  improved 
response  and  reduced  coot 

Fan-in,  that  is  the  number  of  input  connections,  to  wall- 
attaoliment  devices  is  usually  limited  t>y  geometric  considerations  to 
;  or  .*  with  the  control  channels  'onvoryiny  into  a  passive  SI  junction, 
the  output  of  whi  h  pac.es  lire'tly  ‘o  'he  wall  re-attachment  control 
port.  This  allows  improved  siynnl  isolation  over  eirlier  desiyns  at 
the  expense  of  s  izr  siynal  .attenuation.  Fan-out,  or  the  number  of 
par il lei  output  meet  ions,  is  **i  vemed  by  the  aiynal  amplification 
at  switchiny  in  relation  t  the  control  input  requirements.  As  the 
pressure- *'l  ov  chara  ■ 'eristics  >f  both  control  and  output  ports  are 
non-linear,  tiie  fan-out  is  conveniently  determined  by  graphically 
superimposing.*  control  switching*  haracteri st ies  on  the  output 
pressure-flow  characteristic  as  shown  in  Fiy.7*  A  fan-out  of  -  A 

is  usually  obtained  for  conservatively  designed  elements  with  pressure 
recover;.’  sacrificed  to  obtain  improved  reliability,  iiiyher  fan-in 
fiyurer  are  possible  usiny  either  planar  or  tubular  turbulence 
amplifiers  wit.h  yood  isolation  between  input  s i yna  1  s .  A  moviny  part 
device,  on  the  other  hard,  is  oi'en  eonetracted  with  a  fan-in  of  1  or 
.  but  with  an  infinite  fan-out. 

One  of  'tie  main  advantages  claimed  for  fluidic  digital  devices 
over  conventional  mechanical  and  electro-mechanical  moving*  part 
contr  1  devices,  laiye  and  small,  is  the  fast  response  time.  Typical 
values  of  switchiny  riie  .irr.e  found  in  practical  elements  is 
,l)-‘  ms  f  r  pure  flui  i  types  as  opposed  to  1-100  ms  for  moviny  part 
elements,  depending  primarily  or.  their  size.  In  combinational,  and 
moot  sequential  circuits,  for  industrial  applications  the  differences 
in  switching*  speed  ire  not  crucial,  except  for  modules  such  as 
counters,  shift  registers,  pulse  shapers  and  so  on.  Fven  when 
counters  are  used  the  cyoliny  rate  is  often  modest  so  that  many 
solutions  are  possible. 


l.'ot  unnaturally,  considerable  attention  has  been  paid  to  the 

mechanism  of  switching  in  pure  fluid  element  and  to  the  potential 

for  increasing  performance.  In  an  early  paper  Johnston  (Ref.?4) 

demonstrated  that  over  a  wide  raiu'e  of  lieynol da  .’lumbers  for  a 

•urbulen*  re-attached  et,  the  ’trouhal  "umber  based  on  the  supply 

jet  velocity  and  nozzle  width  was  essentially  constant.  In  other 

words,  the  switching  time,  ,  of  a  wall  re-attachment  element  is 

s 
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For  const m*  supply  reynol  is  "umber,  the  nwitahinr  time  would 


be  expecte <  to  decrease  with  the  jniair*  f  th#  nozzle  width. 

However,  element  desi,-ns  with  nozzle  widths  much  smaller  than  O.Pf,  mm 
run  into  difficulties  with  t  undary  layer  growth  affectiru* 


re -attachment , 


icturtftjr  problems  and  so  on. 


It  is  therefore  ur.lixely  that  if  leant  iesreases  in  present 
.•er.eration  element  cu.tchi.v  timer  -an  be  ttainM  in  this  way.  "or 
is  it  particularly  attractive  t  :e crease  the  sw.tc.hi:>'  time  by 
increasing  the  Reynold*  "umber  as  power  cor.sumpt.  >n  incr  sen 
dramatically  (her..  .  Another  p  ssibii.’y  i.  to  redu  •*  the  supply 
nozzle  aspect  ratio  while  holding  the  suyply  no.-r.le  velocity  constant 
in  the  hope  that  power  consumption  can  te  1  were  :  without  affecting 


wall  re-attachment  to  c.«"n.fi-antly.  iowever,  i*.  would  appear  that 
at  low  aspect  ratios  (below  perhaps  *.[  )  the  switching  time  starts 
to  noticeably  increase  which  subverts  rha*  the  simple  expression  for 
swi t  chine;  time  yuven  above  r.:-..  ’  ;  should  be  modified.  II  is 
evident  that  although  some  reduction  in  power  cons'umption  may  be 
made  in  this  way  these  requiremer * .  are  oppos'd  *  those  of  minimum 
switching:  time,  so  inevitably  erne  deri.m  com^-omise  crust  be  made. 


To  comp. e* n  ’he  picture  it  crust  be  remembered  that  the 
response  time  of  a  circuit  must  i:  dude  the  siwr.al  pure  pis-e  delay 
throu»;n  the  connect  ±rw  lines  and  tre  rise  or  decay  time  associated 
with  its  Tar.cmisaion  characteristics.  The  pure  time  delay,  , 
is  wiven  by  the  loed  speed  of  s  uni  divi  ied  ty  the  connecting 
line  length,  which  varies  directly  wjth  element  dimensions,  that  is, 
with  nozzle  width.  This  we  n»y  wr.’e  m 

(11) 

The  transient  response  of  a  *r demission  line  has  already  been 
discussed  but  if  we  assume  a  rather  simple  model  with  ’he  line  and 
load  represented  by  humped  parameter  resistance  R  and  capacitance  C, 
then  the  rise  time  •  of  the  passive  components  with  a  *as  as  the 
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working  fluid  can  be  3hovn  to  be 


const.  const.,  b 

,  RC  ,  - -  (12) 

P  .h 

n  e 

where  p  is  the  mean  pressure  in  the  capacitance.  This  is  assuming 
that  the-  component  shapes  are  unaltered  by  scaling.  The  expression 
lias  a  similar  form  to  the  switching*  time  for  the  element  although  it 
is  more  sensitive  to  Reynolds  ’.'umber.  Most  designers  of  fluidic 
circuits  tend  to  reduce  the  Reynolds  Number  quite  appreciably  in  the 
connecting  lines  so  that  the  connection  rise  time  may  be  significant 
in  suae  fas*,  operating*  circuits,  such  as  one-shot  pulse  diapers . 

The  problems  f  predicting'  the  dynamic  performance  of  a 
turbulence  amplifier  are  rather  iifferen*  as  the  transition  between 
laminar  and  turbulent  supply  flow  re.-imes  produces  unequal  owitch-on 
;jid  switch-off  characteristics.  Hayes  (Ref.  1;)  has  associated  a  pure 
time  delay  with  both  the  rise  time  switch-on)  and  the  decay  time 
(switch -off )  of  the  amplifier. 

The  pure  time  delay  and  switching*  rise  time  expressions  are 
similar  in  f  rm  to  rend  fur  the  wall  re-attachment  device. 

Decreasing  sire  and  increasing  supply  pressures  would  both  be  expected 
to  improve  response.  However,  as  the  sire  of  the  turbulence  amplifier 
decreases,  the  static  off  s*ate  outpu*  pressure  increases  and  the  pain 
decreases,  thereby  limiting  the  fan-out.  A  minimum  value  of  free  jet 
leru’th  be* ween  the  control  port  arid  receiver  equal  to  *  cm  appears  to 
be  realistic  from  this  consideration.  Increasing  the  supply  pressure 
significantly  reduces  the  delay  times  and  the  switch  or.  rice  time  but 
the  residual  turbulence  in  *he  jet  also  appears  to  increase  very 
markedly  producing  owitch-on  times  approximately  one  order  of 
magnitude  greater  than  the  switch-off  time.  Typical  pure  time  delay 
times  are  .5  ms,  switch-off  time  1  ms,  svitch-on  time  R-IP  ms.  It  is 
therefore  doubtful  whether  significant  improvements  in  the  dynamic 
performance  of  the  turbulence  amplifier  can  be  made  until  switch-on 
rise  times  can  be  made  appreciably  more  repeatable,  probably  by 
reducing  resid-ual  turbulence  in  the  supply  jet. 

The  dynamic  resp  nse  of  mevinp  par*  devices  is  to  a  larpe 
ex*er.t  dependent  on  the  inertia  of  the  fl  uid  and  moving  parts, 
fluid  compressibility,  and  viscous  effects.  Most  moving  part  lopic 
devices  use  free  or  damped  diaphrawm  configurations,  operating  on 
force  balance  principles.  The  device  capable  of  the  greatest  depree 
of  miniaturisation  with  low  ir.er’ia  is  the  free  foil  element.  Work 
by  Pahr  (Ref.1?)  has  shown  that  the  theoretical  switching  time  of 
such  elements  has  exactly  the  ~ame  form  as  -n.  'r>  for  wall 
re-attachment  elements  with  dimension  • b *  representing*  now  a 
characteristic  dimension  of  the  foil  chamber.  He  indicates  a 
switching  time  of  .1  as  for  a  ‘yplcal  air  operated  foil  element  of 
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diameter  2  nm  although  it  is  not  clear  whether  this  has  been  confirmed 
experimentally.  The  limitation  on  fan-in  would  appear  to  impede  t'ne 
successful  developement  of  the  foil  element  for  fast  acting  high 
packaging  density  logic  blocks  but  the  development  of  the  ridge 
diaphragm  element  from,  this  concept  has  been  commercially  more 
successful.  Jensen,  Muller  and  Scnaffer  (Ref. 18)  in  a  comprehensive 
account  give  a  switching  time  in  the  region  of  1  -  mo  for  a 
push-pull  inverter  circuit  consisting  of  three  diaphragms.  The 
standard  arrangement  ia  to  use  a  separate  diaphragm  chamber  for  each 
input  but  even  so  high  packaging  densities  are  possible,  formally 
some  flow  is  always  present  through  the  logic  circuit  so  that  ’’he 
fan-out  is  no  longer  infinite.  In  practice  a  value  of  4  is  used 
although  higher  fan-outs  are  possible. 

Inevitably  with  moving  par*  logic  devices,  if  they  are 
designed  to  lave  greater  logic  power  *}e  mechanical  complexity 
increases  and  30  these  is  come  loss  of  response.  The  well-^nown 
Russian  and  hast  >rs.an  moving'  part  logic  elements  use  multiple 
stacks  of  diaphragms  to  achieve  a  \ariety  of  log:c  functions  within 
ore  star  Lari  block.  Power  consumption  is  very  low  and  cwi'ching  times 
ire  rather  Icivcr  tiian  *he  r i  dge  diaphragm  elemen*  iue  to  *he  higher 
.nertia  of  the  diaphragm  stack.  Topfer  (R*f . iS )  has  given  switching 
of  approximately  ‘  ms  for  the  *wo  diaphragm  stack,  .  *  ms  far  three 
diaphragms ,  ms  for  five  and  -3.4  ms  for  ten  diaphragms . 

I  have  dealt  at  some  ieru-th  with  the  dynamic  characteristics  of 
fluidic  devices  .n  -rder  to  shed  came  light  on  future  element  design 
•rends.  It  appears  'unlikely  that  miniaturisation  ’.an  be  taker,  much 
further  withou*  very  high  initial  costs  for  toolirv  and  i*  is  probable 
that  a  lar.-er  scatter  in  element  characteristics  ir.  a  production  batch 
would  also  have  to  be  tolerate  i.  ’  no  of  the  elements  discussed  showed 
any  dramatic  advantage  due  to  scaling  down  or  increasing*  the  operating 
energy  level  so  i*  is  probable  that  element  manufacturers  will  not  be 
able  to  improve  significantly  on  present  Lay  characteristics.  However, 
there  i3  still  room  for  manoeuvre  in  deciding,  not  so  much  on  element 
profile  or  diaphragm  sice,  but  what  logic  furr  tions  are  best  suited  to 
a  particular  standard  logic  block. 

Bouteilie  'Ref. 11 )  has  made  a  comparison  between  the  power 
assumption  and  switching-  speeds  of  both  fluid  and  electronic  devices 
■which  is  reproduce!  in  Fig. 8.  This  suggests  that  moving  part 
pneumatic  logic  is  the  most  economical  in  very  low  speed  applications, 
such  as  supervisory  systems  and  is  very  attractive  even  up  to 
■jperating  speeds  of  1  i!  .  At  the  ther  extreme,  where  very  fast 
switching  speeds  are  require u  electronic  systems  are  unchallenged. 

Pure  fluidic  devices  when  compared  in  this  way,  are  prefered  to 
moving  par*  devices  in  the  range  1  -  '  ?C'  of  opera*  ion.  It  must 

be  emphasised  that  this  comparison  . c  not  complete  as  many’  other 
aspects,  such  as  overall  system  cost,  sensor  specification, 
reliability,  environment,  etc.,  must  be  considered  before  a  final 
system  choice  is  made. 
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Until  comparatively  recently,  designers  of  pure  fluidic 
devices  were  slow  to  exploit  one  of  their  advantages  over  most 
moving  part  devices.  This  was  to  assemble  in  one  module  several  logic 
function  profiles  at  very  little  extra  cost  and  almost  negligible 
increase  in  size.  Early  wall  re-attachment  elements  suffered  from 
poor  input  isolation  until  input  vent  ports  were  added  at  the  expense 
of  some  input  signal  degradation.  It  was  then  a  short  step  to  make 
the  input  vent  arrangement  into  a  passive  OH  junction,  commonly  with 
two  or  three  inputs.  Fore  recently  passive  AND  and  one-shot  pulse 
shaper  circuits  have  also  been  used  as  inputs  in  integrated  designs 
with  both  OH  !.'0H  and  bistable  profiles. 

This  has  been  beneficial  in  several  respects.  Logic  function 
power  has  been  increased  without  increasing  air  consumption. 

Packaging  passive  elements  within  the  standard  logic  block  has 
reduced  the  circuit  design  problems  of  the  user,  as  signal 
matching  becomes  easier.  Improved  dynamic  response  is  also 
possible  in  some  cases. 

Element  designers  are  now  more  conscious  of  the  need  to  make 
their  fluidic  components  into  standard  logic  blocks  suitable  for 
general  industrial  usage  with  the  minimum  of  assembly  difficulties  and 
maximum  immunity  to  air  supply  and  environmental  contamination.  Most 
current  commercial  pure  fluid  devices  have  filters  built  into  the 
profile  to  protect  tne  supply  and  control  nozzles  from  internal 
contamination  and  similar  filters  protecting  the  vent  channels  and 
bias  ports  from  external  contamination.  Experience  has  shown  that 
the  high  degree  of  reliability  inherent  in  the  concept  ot  pure 
fluidic  elements  nay  only  be  realised  by  attention  tc  *his  sort  of 
detail . 


Kany  processes  have  been  tried  for  manufacturing  pure  fluidic 
elements  but  the  main  types  which  have  involved  for  small  elements 
are  etched  glass,  etched  metal  and  epoxy  resin  casting.  With  correct 
bonding  the  first  two  processes  may  be  used  over  a  very  wide  operating 
temperature  range  while  the  latter  has  the  advantage  of  comparative 
cheapness.  Although  injection  moulding  has  been  successfully  used, 
it  has  not  lead  to  a  mass  produced  very  low  cost  element.  This  is 
largely  due  to  the  trend  towards  rather  more  complex  profiles 
mentioned  earlier  which  would  significantly  increase  die  costs.  The 
etching  processes  are  particularly  useful  for  multi-layer 
configurations  required  in  compact  integrated  designs  which  can  be 
achieved  without  appreciably  increasing  manufacturing  costs.  Circuits 
of  this  complexity  would  be  very  difficult  to  achieve  using  injection 
moulding  methods. 
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SENSORS 


t!. 

In  the  majority  of  industrial  fluidic  applications  the  primary 
reason  for  choosing  thi3  type  of  control  iB  the  attractiveness  of 
detecting  or  sensing  pneumatically.  The  construction  of  many  types  of 
fluidic  sensor  is  simple  and  may  give  rise  to  an  appreciable  improve¬ 
ment  in  reliability  and  lower  cost  compared  with  other  methods  of 
detection.  If  sensing  is  attractive  pneumatically  the  extension  to 
signal  processing  and  amplification  using  fluidic  circuits  is  a 
natural  development.  This  can  give  rise  to  cheaper  overall  systems 
as,  for  example,  expensive  interface  valves  between  different  media 
are  avoided. 

The  majority  of  fluidic  sensors  use  the  variations  in  the 
physical  parameter  being  measured  to  modify  the  characteristics  of 
one  or  more  fluid  jets.  Position,  liquid  level,  temperature, 
flowrate  are  examples  of  common  parameters  sensed  directly  with  jets 
and  this  list  may  be  extended  if  simple  moving  parts  are  used  in 
conjunction  with  jets.  For  example,  relatively  inexpensive  pressure 
gauges  nay  be  mcdif  ed  so  that  a  high  pressure  may  be  detected  with 
a  low  pressure  fluidic  circuit  by  attaching  a  back  pressure  sensor  to 
a  bourdon  tube  subjected  to  the  high  pressure.  Alternatively,  if 
multiple  digital  output  signals  are  required  for  different  pressures, 
interruptible  jets  may  be  placed  round  the  periphery  of  a  pressure 
dial  gauge  so  that  the  pointer  interrupts  the  jet  at  the  desired 
pressure.  This  method  can  be  extended  to  any  dial  indicator  (for 
example,  weight,  temperature,  voltage)  with  the  advantage  that  the 
fluidic  detecting  circuit  is  completely  isolated  from  the  variable 
being  measured. 

The  commonest  types  of  jet  configurations  used  for  sensing  are 
the  bacK  pressure,  interruptible  jet  and  conical  or  proximity  jets. 

The  back  pressure  sensor  has  been  used  for  many  years  as  an 
amplifying  device  in  pneumatic  and  hydraulic  circuits.  A  regulated 
supply  passes  flow  through  a  restriction  into  the  back  pressure 
chamber  which  is  then  vented,  usually  to  atmosphere.  An  object 
placed  close  to  the  venting  flow  causes  the  pressure  in  the  chamber 
to  increase,  which  in  the  extreme  case  has  a  value  equal  to  the 
supply  pressure  when  the  vent  nozzle  is  completely  blocked.  The 
device  is  very  sensitive  to  changes  in  the  position  of  the  object 
when  closer  than  approximately  one-quarter  of  the  nozzle  diameter. 
However,  as  the  vent  nozzle  diameter  is  usually  kept  a3  small  a3 
possible  to  limit  power  consumption,  the  useful  working  gaps  are 
very  small,  0.05  to  0.?  mm  being  typical.  The  signal  generated 
by  the  sensor  usually  activates  the  fluidic  digital  switching 
element  directly  requiring  the  input  nozzle  to  be  sufficiently  small 
so  that  no  appreciable  flow  is  taken  from  the  sensing  element.  Apart 
from  the  good  dynamic  response  of  these  censors  they  also  possess  the 
advantage  of  negligible  hysteresis,  a  factor  which  is  important  in 
sensing. 
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The  interruptible  pneumatic  sensor  is  useful  for  sensinp 
objects  in  the  ranpe  0.?  or  10  cms.  The  simple  form  of  the  sensor 
consists  of  a  supply  jet  nozzle  and  receiver  axially  aliened  but 
separated  by  a  pap.  A  relatively  hiph  pressure  signal  can  be 
recovered  in  the  receiver  when  the  supply  jet  passes  across  the  pap. 
Any  object  passinp  through  this  pap  interrupts  the  Jet  stream  and 
reduces  the  receiver  pressure  nominally  to  ambient  conditions.  The 
two  pressure  levels  may  be  readily  detected  by  fluidic  switching 
elements.  The  sensor  lias  the  important  advantages  that  the  texture 
of  the  objects  is  not  important  and  the  pap  settinp  is  not  critical. 
The  conf ipuration  docu  suffer  from  the  disadvantape  that  the  receiver 
may  entrain  ambient  contaminated  air  with  the  jet  thereby  cau3inp 
unreliable  operation. 

3y  3liphtly  pressurising  the  receiver  the  problem  of  receiver 
contamination  may  be  overcome.  When  no  object  is  present,  the  supply 
jet  impinpes  on  the  lower  pressure  jet  leaving*  the  receiver  thereb” 
restrictinp  the  vent  flow  which  in  turn  raises  the  pressure  at  the 
sensor  outlet.  When  an  object  interrupts  the  main  jet  the  receiver 
vent  flow  increases  c.ausinp  a  correspondinp  reduction  in  the  outlet 
pressure.  Another  solution  is  to  use  e  diaphrapn  operated  back 
pressure  3ensor  for  the  receiver.  This  has  the  advantape  that  the 
diaphrapn  isolates  the  contamination  from  the  pneumatic  circuit 
and  also  provides  more  sensitive  detection.  Jet  paps  with  this 
confipuration  nay  ue  increasel  to  over  to  cn. 

The  sensitive  laminar  jet  has  been  used  to  sense  objects  over 
much  larper  distances.  A  supplementary  jet  13  used  to  tripger 
turbulence  in  a  main  jet-pressurized  receiver  conf  ipuration  with  the 
pap  now  beinp  between  the  supplementary  and  main  jets.  When  an 
object  interrupts  the  supplementary  jet  a  laminar  main  jet  is 
re-established  which  causes  the  vent  flow  to  fall,  thereby 
increasing  the  sensor  output  pressure.  Jensinp  distances  may  be  as 
larpe  as  100  cm  with  pood  shieldinp  of  the  laminar  jet  from 
environmental  noise. 

If  an  annular  nozzle  is  used  for  detection  the  structure  of 
the  conical  jet  issuinp  from  it  may  be  utilized  to  sense  the 
presence  of  objects  approximately  one  nozzle  diameter  away.  The 
ranpe  of  >*aps  is  usually  from  O.05  to  5  cms.  By  a  suitable  choice 
of  cone  aiurle,  the  jet  may  b*  deflected  by  the  presence  of  an  object 
into  an  asymmetric  confipuration  so  that  an  output  sencirv  port 
located  close  to  the  deflected  jet  indicates  a  relative  reduction  in 
pressure.  An  advantape  of  the  3ensor  is  that  it  acts  as  a  switch 
itself  with  a  zero  cross-over  pressure  for  object  distances  of 
approximately  one  nozzle  diameter.  Apainst  this  must  be  veiphed  the 
relatively  larpe  air  consumption  of  most  of  these  sensors,  topether 
with  their  rather  slow  response,  iiysteresis  effects  may  also  be 
present. 
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Air  powered  acoustic  ensors  are  similar  in  principle  to  well-established 
electro-acoustic  detection  systems  employing  continuous  wave  and  pulse 
echo  transmission  techniques.  A  continuous  wave  system  involves  a 
transmitter,  which  emits  a  continuous  wave,  and  a  target  which  reflects 
a  portion  01  it  back  to  the  receiver.  The  received  wave  is  time  delayed 
compared  with  the  transmitted  wave  thus  giving  an  indication  of  the 
tar.-ct  distance.  These  sensors,  while  being  in  their  infancy,  show 
jromice  of  distance  resolution  to  one-half  a  wavelength  with  a  range 
of  from  cm  to  several  metres.  However,  the  circuitry  involved  with 
the  sensor  is  appreciably  more  complex  than  with  the  types  previously 
ies  'ribed. 
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Digital  fluidic  elements  are  very  largely  assembled  in 
combinational  or  sequential  circuits  configurations  for  industrial 
applications.  Most  simple  circuits  are  combinational  in  nature;  that 
is,  the  output  signal  combination  is  always  a  unique  selection  of  the 
input  signal  combination.  In  more  complex  circuits  a  particular 
output  signal  may  be  required  mere  than  once  during  tne  complete 
machine  duty  cycle,  30  that  it  is  no  longer  possible  to  specify  a 
unique  input  signal  combination.  Sequential  circuits  are  designed 
to  overcome  this  problem  by  generating  a  memory  function  so  that 
the  time  seiuence  of  events  in  ‘he  cycle  may  be  identified. 

The  difference  between  these  two  fundamental  types  of  circuit 
can  be  quite  simply  illustrated  by  an  example  of  two  mechanically 
interconnected  pneumatic  cylinders  A  and  B,  shown  in  Fig. 9.  Au 
denotes  the  «x‘er.cion  of  ‘he  rod  of  cylinder  A  while  A-  signifies  the 
retraction  and  so  on.  Dmall  letters  a-d  denote  the  positions  of  limit 
switches  at  the  end  of  cyl  nder  stroK.es  to  detect  completion  of  that 
part  of  the  cycle.  If  a  c implete  machine  cycle  is  A*,  B* ,  A-,  B- 
then  the  rod  of  cylinder  A  traces  a  scuare  pattern  in  space  through 
a,  b,  c.  d.  lach  limit  switch  signal  then  uniquely  defines  the  next 
cylinder  act. on  required  and  the  control  logic  required  i3  said  to  be 
combinational  as  there  is  no  simal  ambiguity.  However,  if  the  cycle 
had  beer.  A-,  B* ,  B-,  A-  then  it  is  seen  that  the  rod  of  cylinder  A 
traces  ar.  D-shap.ed  pattern  in  space  which  doeB  not  require  the  use  of 
limit  switch  d  but  requires  two  signals  from  limit  switch  b  which 
have  to  provide  different  cylinder  actuation  command  signals.  The 
circuit  must  therefore  remember  the  order  in  which  the  actuation 
signals  are  performed  which  implies  the  use  of  memory  elements. 

This  would  be  an  example  of  sequential  circuit  design. 

"o  particular  problems  should  be  encountered  now  in  designing 
fluidic  combinational  circuits  a3  element  characteristics  ouch  as 
fan-in  and  fan-out,  pressure  recovery,  and  so  on  are  conservatively 
specified  by  manufacturers.  Standard  synthesis  and  reduction 
procedures  using  Boolean  Algebra,  mapping  and  tabulation  methods  may 
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all  be  used  to  advantage  by  the  designer  familiar  with  these 
techniques.  Fluidic  combinational  circuits  rarely  reach  the  level 
of  complexity  that  excludes  the  intuitive  approach  of  the  practical 
engineer,  and  in  some  cases,  alternative  designs  nay  all  provide  a 
correct  solution  to  a  problem  while  displaying  different  features. 

The  criterion  for  selection  under  such  circumstances  is  usually  on 
the  basis  of  overall  system  cost  but  air  consumption  may  also  be  of 
considerable  importance  in  a  pure  fluidic  circuit. 

High  pressure  pneumatic  sequential  circuits  are  still  commonly 
designed  by  intuitive  practical  methods  although  systematic  design 
procedures,  such  as  the  commercial  Vartonair,  Lucas  and  En">ts  methods 
in  the  U.K.  are  available.  Taking  the  Martc.  iir  cascade  method 
(Ref.^)  as  an  example  of  this  group,  the  cycle  sequence  is  divided 
up  into  groups  of  operations  in  which  no  cylinder  operation  appears 
more  than  once.  A  three-port  valve  acts  as  a  limit  switch  on  each 
cylinder  movement  and  each  cylinder  has  a  five-port  pilot  operated 
valve  associated  with  it.  In  addition,  one  less  five-port  memory 
valves  than  the  number  of  groups  are  needed.  Fig. 10  shows  the 
resulting  circuit  to  implement  the  A*,  B*,  B-,  A-,  sequence.  The 
two  groups  are  A*-,  B»,  and  B-,  A-  and  the  memory  valve  Y  serves  to 
energize  the  sensorB  x  for  the  appropriate  gToup  of  the  sequence  at 
the  appropriate  time  whilst  de-energizing  those  which  are  not 
required.  In  this  particular  circuit  the  limit  swit  :h  x^  is  used 
instead  as  a  start  valve  so  that  the  circuit  doeB  not 
continually  cycle.  Limitations  of  the  method  are  that  it  may  lead 
to  the  use  of  rather  more  logic  and  memory  components  than 
absolutely  necessary.  Vith  conventional  high  pressure  pneumatic 
components  this  could  be  expensive  and  space  consuming. 

In  a  more  general  way  sequential  circuits  using  digital 
elements  of  any  type  nay  be  designed  systematically  using  the  method 
of  Huffman  (Ref .?C)  and  others,  first  developed  for  the  synthesis 
of  electronic  circuits.  This  involves  drawing  a  timing  diagram  for 
the  sequence  using  the  inputs  x  from  the  limit  switches,  called 
primaries,  to  give  the  logic  functions  required  for  the  output 
signals  2  which  actuate  the  cylinders.  This  is  then  reduced  to  a 
minimum  form  using  a  merged  flow  table  which  enables  the  signals 
required  for  the  memory  functions,  called  secondary  excitation,  to 
be  determined.  Application  of  a  modified  form  of  Karnaugh  map, 
with  a  separate  map  for  each  state  of  the  memory  elements,  then 
allows  the  logic  circuit  for  the  output  signals  to  be  constructed 
(see,  for  example,  Ref.*  for  further  details).  For  example,  using 
such  a  procedure  tne  nequence  A*,  B+,  B-,  A-,  in  obtained  using  the 
circuit  shown  in  Fig.  11.  The  figure  indicates  that  the  memory 
element  occurs  in  conjunction  with  ALT)  gates  on  the  outputs  in 
circuits  of  this  type  which  has  lead  Retallick  (Ref. 27)  to  suggest 
using  these  three  elements  in  a  fluidic  standard  block.  The  number 
of  ALD  gates  increases  as  more  events  are  added  to  the  cycle  with 
a  consequent  limitation  in  practice  due  to  fan-in  problems  with 
passive  AND  components.  Cole  and  Fitch  (Ref. 28)  have  suggested 
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rather  similar  memo zy  element  blocks  with  a  systematic  synthesis 
method  for  event  controlled  sequence  circuits. 

jne  of  the  big  advantages  of  fluidic  logic  elements  for 
sequential  control  is  the  greater  flexibility  in  the  choice  of  logic 
and  memory  functions  possible  compared  with  conventional  high 
pressure  pneumatic  elements.  Also  more  complex  fluidic  elements 
do  not  carry  a  significant  packaging  size  and  cost  penalty.  A 
simple  illustration  of  this  is  afforded  by  again  returning  to  the 
simple  two  cylinder  sequence  A*,  B*,  B-,  A-  but  using  instead 
one-shot  pulse  nliaping  functions  on  the  limit  switches;  that  i3, 
when  the  pressure  rises  as  the  switch  is  activated  a  short  duration 
pressure  pulse  is  generated,  .luch  fluidic  circuits  are  well  known 
and  may  be  integrated  into  memory  elements  to  perform  set  and  reset 
action  with  short  pulses,  lialford  (Ref. 29)  has  shown  that  using 
pulsed  memory  elements  a  very  simple  solution  to  the  above  sequence 
results,  as  shown  in  Fig.  1?,  which  may  be  easily  extended  to  other 
cylinder  sequences. 

Of  course,  all  cylinder  sequences  are  not  as  simple  as  the 
example  which  has  beer,  used  up  to  now.  Each  event  in  a  machine 
cycle  may  be  stored  in  a  variety  of  memory  units,  such  a3  a  binary 
counter,  shift  register,  ring  counter,  tape  or  card  reader,  enu 
decoded  to  provide  the  appropriate  command  3ignal  for  the  next 
event  in  the  sequence.  Binary  counters  suitable  for  sequence 
circuits  have  been  discussed  by  Bantl®  (Ref. 50),  Foster  and 
r.etallick  (Ref.'’)  and  others  and  are  usually  based  on  the  T 
Flip-Flop  with  pulsed  inputs.  The  sequence  may  be  time  controlled 
with  synchronous  operation  of  the  counter  using  pulsed  signals  from 
a  reierer.ce  oscillator  or,  alternatively,  event  controlled  with 
asynchronous  coun*«r  operation.  In  this  case  the  limit  switch 
associated  with  each  event  must  produce  a  puloed  input  to  the 
counter.  Alternatively,  an  event  based  sequence  may  be  controlled 
using  AXD-OR  memory  modules  'Ref.  9)  and  is  particularly  useful  as 
a  programmer. 


In  some  cases  part  of  the  sequence  is  repeated  which  requires 
each  repetition  to  be  counted  as  well  as  the  provision  for  the 
normal  memory  function  in  the  sequence.  This  nay  be  simply  provided 
by  a  binary  co-nter  circuit  which  counts  each  repetition  of  the 
sequence  and,  with  appropriate  decoding,  switches  the  control  logic 
out  of  the  repetition  after  the  specified  number  of  cycles.  Fig.  15 
(Ref. 29)  shows  a  simple  way  of  implementing  A*-,  (B+,  B-)  repeated  7 
times,  A-  using  a  binary  counter  and  making  use  of  composite  fluidic 
elements  such  as  ATD/OP  memory  an!  inhibited  OR  memory  functions. 

Gome  use  has  been  made  of  ring  counters,  instead  of  binary 
counters,  as  decoding  the  outpu*  to  provide  a  command  signal  for  the 
next  event  ir  rather  simpler.  However  pulsed  inputs  are  still 
required  and  a  bistable  element  corresponding  to  each  event  in  the 
sequence  is  needed  ir  the  ring  with  a  consequent  difficulty  in 
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fan-out  for  the  input  signal.  More  recently  work  by  Foster  and  Chen# 
(Ref.  32  and  33)  has  suggested,  the  use  of  special  codes  in  conjunction 
with  shift  registers  for  the  control  of  the  sequence  which  has  the 
advantage  that  pulsed  operation  is  no  longer  required  and  decoding  the 
register  is  fairly  straightforward. 

The  designer  of  fluidic  sequential  circuits  must  also  be  aware 
of  the  possibilities  of  signal  hazards  within  the  system.  In  the 
event-based  circuit  the  steady  state  behaviour  is  adequately 
described  by  the  Boolean  representation  of  the  logic  used.  However, 
during  the  transient  change  of  state  when  the  system  is  responding  to 
a  change  in  input  variables,  signals  entering  some  elements  in  the 
system  may  not  change  at  precisely  the  same  moment  in  time  due  to 
the  unequal  time  delays  of  different  connecting  channels  and  also  due 
to  variations  in  element  switching  time.  During  this  transition 
period  the  actual  output  may  be  quite  different  from  the  steady  state 
value  and  is  known  as  a  hazardous  condition.  The  effect  of  such 
hazards  on  overall  system  performance  depends  upon  whether  the  circuit 
has  memory.  Combinational  circuits  are  not  permanently  affected  by 
hazards  whereas  sequential  circuits  many  adopt  improper  stable  states. 

Hazards  in  fluidic  circuits  are  likely  to  occur  mainly  in  high 
speed  sub-circuitr  such  as  counters  and  adders  (Ref. 34)  and  in 
sequential  circuits  with  significant  connecting  channel  differences 
(Ref. 35) •  Recently  Zissos  and  Grant  (Ref. 36)  have  given  a  design 
procedure  for  sequential  circuits  which  provides  hazard-free 
operation. 


8.  CONCLUSIONS 


Quite  significant  gaps  remain  in  our  knowlege  of  passive  fluid 
component  dynamic  characteristics.  For  example,  heat  transfer  effects 
in  capacitive  components  and  a  more  general  representation  of  fluid 
inertias  in  complex  geometries.  While  much  attention  has  been  devoted 
to  transmission  line  characteristics,  simple  programming  methods  for 
identifying  such  systems  with  non-linear  load  conditions  have  not  yet 
materialised. 

The  review  has  attempted  to  show  that  little  commercial  advant¬ 
age  can  be  expected  from  new  basic  designs  of  miniature  pure  fluid 
digital  elements  but  we  may  expect  more  complex  digital  modules  to 
appear  as  the  design  emphasis  shifts  towards  circuit  organisation. 

In  low  speed  circuits  an  increasing  use  of  moving  part  devices  is  to 
be  expected.  The  decision  to  use  pure  or  moving  part  fluidic  devices, 
as  opposed  to  conventional  pneumatic  valves,  in  sequential  circuit 
applications  is  not  clear  cut.  Undoubtedly  pure  fluidic  modules  will 
offer  the  greatest  logij  flexibility  and  packaging  density  thus 
allowing  rather  straightforward  design  procedures  to  be  developed. 
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Some  worK  remains  to  be  done  in  optimising  logic  blocks  for 
particular  design  methods.  Moving  part  devices  will  be  particularly 
useful  in  applications  involving  moderately  complex  circuits  where 
power  consumption  must  be  minimised  or  alternatively  where  the 
higher  signal  pressures  can  be  directly  processed.  For  example,  in 
process  control.  Conventional  pneumatic  values  must  not  be  under¬ 
estimated  as,  properly  used,  they  have  good  reliability,  can  operate 
as  a  high  pressure  amplifier  and  logic  component  and  can  be  somewhat 
miniaturised.  However,  it  does  appear  that  in  most  cases  systematic 
design  procedures  for  sequential  systems  would  carry  a  cost  penalty 
compared  with  fluidic  solutions.  The  life  expectancy  generally  of 
fluidic  devices,  both  non-moving  and  moving  part,  should  exceed  50 
million  cycles  which  is  better  than  can  be  achieved  with  most 
electro-mechanical  systems. 
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Fig-  1.  System  representation  of  lumped 
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Fig.  2  Operating  Regions  for  Fluidic  Devices  (Ref.1l) 


Fig.  3  Wall  re -attachment  Elements  (Ref. 11) 
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Fig.  5  Double  Diaphragm  and  Foil  Elements  (Ref.1l) 
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Fig.  6  Ridge  Diaphragm  Element  (Ref.1l) 
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Fig. 8  Comparison  between  Fluid  and  Electronic  Logic  (Ref.1l) 
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Fig.  9.  Combinational  and  Secuential  Cycles  in  Pneumatic  two- 
cylinder  circuits. 


Fig.  10  Circuit  for  the  Sequence  A+f  B+,  B-,  A-  according  to 
the  Cascade  Method  using  spool  valves. 


Fig.  11  Circuit  for  the  Sequence  A+,  B+,  Z-,  A-  using  the 
Logical  reduction  method  of  Huffman. 
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Fig.  12,  Circuit  for  the  sequence  A  t,  B+,  B-,  A-  using  fluid. c 
one-shot  pulse  shaper  elements  in  the  feedback  from 
the  limit  switches. 
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Digital-Analog  Hybrid  f  luidic  Feedback  Systems 

Charles  k.  Taft,  Professor 
University  of  New  Hampshire 


In  recent  years  digital  fluidic  elements  have  been  used  to  process 
analog  signals.  In  addition,  pulse-width  modulated  analog  amplifiers 
have  also  been  constructed  and  developed  which  use  digital  power  elements 
to  process  analog  information.  Compensators  to  provide  lead  compensa¬ 
tion  can  be  placed  in  Mie  error  signal  path  of  an  otherwise  analog  sys¬ 
tem.  Lead  compensators  *hich  are  very  useful  in  the  compensation  of 
resonant  systems  tiave  been  constructed. 


Basic  Concepts 

feedback  systems  can  be  controlled  by  rather  coarsely  quantized 
information.  The  advantage  of  this  approach  is  that  it  allows  on/off 
elements  to  control  the  power  in  a  feedback  system.  Often  there  are 
many  devices  such  as  power  transistors  and  fluidic  power  amplifiers 
which  operate  best  in  an  on/off  mode.  On  the  other  hand  the  use  of  such 
devices  in  a  feedback  system  necessitates  the  analysis  and  design  of  a 
highly  nonlinear  system.  Looking  at  a  basic  feedback  system  with  an  on/ 
off  element  in  its  forward  path  processing  the  error  signal,  as  shown  in 
figure  1,  we  see  that  the  levels  of  effort  which  can  be  applied  to  the 
continuous  part  of  the  system  are  limited  to  a  finite  number.  In  this 
case  two  levels  of  information  are  fed  to  the  continuous  part  of  the 
system.  For  the  moment  let  us  assume  that  the  continuous  part  of  the 
system  has  one  integration  since  this  describes  a  very  interesting  class 
of  fluid  control  problems.  If  two  levels  of  control  arc  available,  *1 
[it  is  always  possible  to  normalize  a  quantizer  like  this  and  include 
its  gain  k  in  G(sJ]  then  the  system  is  forced  to  oscillate  continually 
between  one  level  and  the  other,  unless  the  error  signal  e  (t)  is  always 
positive  or  negative  because  input  rft)  is  changing  too  fast  for  the 
output  to  follow. 

If  the  input  to  this  system  is  a  step,  then  the  output  will  also 
be  a  step.  Superimposed  on  the  step  will  be  a  steady  state  oscillation 
or  limit  cycle.  The  frequency  of  the  limit  cycle  is  determined  largely 
by  the  dynamics  of  the  continuous  part  of  the  system.  The  amplitude  of 
the  limit  cycle  is  determined  by  the  same  dynamics  and  the  magnitude 
of  the  system  gain  k.  It  can  be  shown  that  such  a  device  must  always 
exhibit  a  steady  state  oscillation  to  step  inputs  of  any  size  and  fur¬ 
ther  that  the  magnitude  of  the  limit  cycle  will  be  smaller  as  the  gain 
or  maximum  corrective  rate  k  decreases. 

It  should  be  mentioned  that  very  satisfactory  control  systems  can 
be  constructed  using  this  concept.  However,  such  systems  always  exhibit 
a  steady  state  oscillation  or  limit  cycle. 
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B>  adding  another  level  to  the  error  signal  *e  construct  ;*  three - 
level  quantized  control  as  shown  in  Figure  2  which  «.;n  exhibit  several 
response  forms  to  step  inputs.  Again,  assuming  that  tie  continuous  part 
ot  the  system  has  an  integration,  this  system  can  exhib.t  a  step  response 
with  no  oscillation.  A  response  which  is  the  least  osci.latory  kind  of 
response  that  the  svstem  can  exhibit  has  been  classified  as  two-step 
response,  With  this  tvpe  of  response,  the  system  will  exhibit  a  re¬ 
sponse  for  a  step  of  any  magnitude  which  has  oni>  tw<  changes  in  level 
of  the  error  signal.  This  response  is  shown  in  Figure  2n.  in  Figure  3 
is  a  oesign  chart  which  relates  the  parameters '  a e  .  rid  k  to  obtain  two 
step  response. Figure  3  applies  to  systems  of  the  form  shown  in 
Figure  -  in  which  the  continuous  part  of  the  system  lias  dynamics  which 
we  might  rlassify  as  being  overdamped .  This  can  be  stated  mathemat¬ 
ical  ly  by  requiring  that  the  continuous  part  transfer  functions  have 
the  form 


G(*0  -- 

where  g(tj 


s"(tcrnsti)  *  + 


is  the  continuous  part  impulse  response 


?Q  for  4.70 


Ifiis  so-called  two-step  response  forms  a  lower  bound  or  least 
osciliitor>  response  for  the  response  of  a  system  ot  the  form  shown  in 
figure  2.  In  a  like  way  as  the  maximum  corrective  rate  K  is  increased 
or  the  dead  zone  2a  decreased,  the  system  response  will  become  more 
oscillator)  exhibiting  four,  six,  or  more  steps  until  finally  it  exhib¬ 
it  a  limit  eye  1  c  similar  to  t ha t  of  the  two  level  quantizer,  figures 
2c,  d,  e.  1'he  nature  of  the  system  response  depends  upon  a0/K,  the 
ratio  of  one  half  the  width  of  the  error  region  in  which  no  signal  is 
applied  to  the  output  (a0) ,  divided  by  the  maximum  output  rate  in  the 
steady  state  (K)  .  This  so-called  characteristic  time  is  very  useful  in 
the  design  of  digital  feedback  systems.  Furthermore,  other  response 
forms  can  also  be  related  to  this  same  number.  For  example,  if  a  sys¬ 
tem  of  the  form  shown  in  Figure  2  is  subjected  to  a  ramp  input  it  can 
be  shown  that  it  will  exhibit  a  limit  cycle  and  the  magnitude  of  the 
limit  cycle  can  tie  determined  by  a  describing  function  analysis;  tins 
has  been  demonstrated  by  l.imbert  and  Taft.C^J  The  magnitude  of  the  limit 
cycle  depends  on  a0/k,  the  magnitude  of  the  ramp  and  the  system  para¬ 
meters.  Increasing  the  number  of  levels  of  the  error  quantizer  to  5, 

7,  and  so  on,  does  little  to  change  the  basic  notions  that  we  have  out¬ 
lined  here.  There  are  least  oscillatory  response  forms  which  depend 
upon  the  size  of  the  input  step,  and  the  system  can  be  designed  in 
general  to  have  a  least  oscillatory  system  response  for  step  inputs  of 
any  size.  However,  it  will  always  exhibit  a  steady  state  oscillation 
or  limit  cycle  for  ramp  inputs. 
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1‘ulse-Width  Modulated  Amplifiers 


There  arc  several  advantages  in  control  in  using  systems  of  the 
type  shown  in  figure  1  in  a  steady-state  oscillation  mode.  Tins  ’node 
can  he  induced  by  adding  to  the  error  a  sinusoidal  signal  or  a  periodic 
signal  of  some  other  waveform.  it  tilts  injected  periodic  signal  is  of 
high  enough  frequency,  it  is  effectively  filtered  by  the  continuous 
part  of  the  system,  and  so  does  not  appear  in  the  feedback  signal  e(t). 

A  missile  control  system  wa  constructed  by  Campagnuolo  and  Sieracki 
using  this  approach.  It  is  useful  to  examine  the  spectrum  ol  the 

signal  entering  the  quantizer,  whether  it  be  2,  3,  or  n  levels.  If  it 
contains  a  dc  level  component,  and  a  high  frequency  dither  component 
the  output  will  also  contain  a  dc  level  and  harmonics  of  the  dither. 
These  high  frequence  components,  it  they  are  high  enough  in  frequency, 
will  essentially  be  greatly  reduced  in  amplitude  by  the  continuous  part 
of  the  system.  So,  effectively  thev  can  be  ignored.  it  is  useful, 
therefore,  to  examine  the  spectra"  f  the  output  of  the  quantizer  when 
the  input  is  a  dc  signal  applied  along  with  a  dither,  or  high  frequency 
signal  as  shown  in  Figure  1.  Hie  relationship  between  the  dc  level  of 
the  output  l.*0  and  the  do  level  of  the  input  l.0  provides  a  low  frequency 
picture  of  the  system.  Much  more  complex  methods  can  be  employed  to 
analyze  such  systems  in  which  two  frequencies  exist. However,  great 
insight  into  the  response  of  a  system  with  a  dither  signal  can  be  ob¬ 
tained  by  simply  looking  it  the  relationship  between  dc  signal  in  and 
the  dc  signal  out.  Phis  relationship  is  known  as  the  "altered  char¬ 
acteristic."  lor  example,  m  figure  1  we  see  a  two  level  quantizer 
subjected  to  a  do  level  and  a  sinusoidal  dither  signal.  lake  the 
Fourier  series  representation  of  the  output  of  tin  quantizer  operating 
under  such  conditions,  and  look  at  the  dc  level  component,  ignoring  the 
component  due  to  the  high  frequency  dither.  Then  plot  the  relationship 
between  the  do  level  !.l()  out  and  the  dc  level  in  10  in  Figure  5a.  In 
Figure  5h  the  altered  characteristic  measured  for  a  fluidic  Schmitt 
trigger  is  shown.  Notice  that  in  this  situation,  the  altered  character¬ 
istic  is  nearly  linear  over  a  wide  range  of  input  dc  levels,  and  that 
this  range  of  input  do  levels  depends  upon  the  amplitude  of  the  dither 
signal.  The  effect  ol  the  dither  amplitude  B  upon  the  behavior  of  this 
on/off  element  has  been  to  control  the  gain  and  range  of  proportioned 
operation.  If  the  dither  signal  were  a  aw  tooth  wave,  then  the  re¬ 
sulting  normalized  (f.o/bj  characteristic  would  be  shown  in  Figure  l>. 

The  same  result  could  be  obtained  with  a  triangular  wave.  Further,  a 
square  wave  has  the  effect  of  altering  the  characteristic  of  a  two  level 
quantizer  to  make  it  appear  as  a  three  level  quantizer.  In  this  way  a 
high  frequency  periodic  dither  signal  can  he  used  to  alter  the  behavior 
of  a  quantizer  Lastly,  1  two-level  quantizer  with  hystersis  can  also 
be  examined  and  the  altered  characteristic  developed  as  shown  in  Figure 
7.  Notice  the  effect  of  hystersis  up  to  10  percent  of  the  dither  is 
minimized  for  inputs  l.0  winch  are  ID  percent  of  the  dither  amplitude. 

The  effect  of  the  high  frequency  dither  signal  has  been  to  linearize 
the  highly  nonlinear  quantizers,  liana fusa,  and  Miyata  postulated  a 
pulse-width  modulated  amplifier  m  which  the  dither  signal  was  tri¬ 
angular.  bj 


\  further  refinement  of  this  approach  results  when  a  feedback  loop 
is  closed  around  the  basic  amplifier  element  to  provide  a  high  frequency 
limit  cycle.  Ibis  is  shown  in  figure  8  where  the  transfer  function  H(s) 
describes  feedback  dynamics.  If  this  loop  is  closed  so  that  the  fre¬ 
quency  of  the  limit  cycle  is  large  compared  to  the  natural  frequency 
of  the  continuous  parts  of  the  system  that  is  being  controlled,  then 
it  is  possible  to  provide  the  dither  signal  internally  by  a  self-induced 
oscillation.  Hi  is  basic  notion  has  been  used  to  build  up  amplifiers 
which  operate  with  digital  elements  to  provide  analog-like  behavior, 
bermel  and  Limbert  described  a  fluidic  operational  amplifier  which  was 
constructed  by  Corning  Class  Works,  t'.)  Lloyd  also  constructed  a  pro¬ 
portional  amplifier  using  digital  elements. Ihe  model  for  the  Bermel 
amplifier  is  shown  in  figure  and  the  resulting  input -output  altered 
characteristic  measured  on  the  Bermel  power  amplifier  as  shown  in  Figure 
10.  This  approach  has  some  advantages  although  the  frequency  of  the 
limit  cycle  tends  t  change  with  the  input  amplitude  r(t)  and  it  is 
fairly  low  for  small  or  large  inputs.  On  the  other  hand,  if  the  rest 
of  the  system  contains  an  integration,  this  effect  is  hardly  noticeable 
except  during  large  transients.  This  approach  makes  the  power  amplifier 
very  useful  as  its  behavior  is  independent  of  the  amplitude  of  some 
external  dither  signal.  As  was  shown,  wh  n  the  external  dither  signal 
is  provided,  its  amplitude  must  remain  nearly  constant,  otherwise 
changes  will  result  in  the  "altered  characteristic."  In  this  way  a 
very  effective  pulse-width  modulated  power  amplifier  can  be  constructed. 

Hiere  are  some  difficulties  with  this  approach,  which  lie  in  the 
fact  that  we  have  assumed  that  the  frequency  of  the  dither  is  large 
compared  to  the  natural  frequency  o'’  the  rest  of  the  system.  As  the 
frequency  of  the  dither  approaches  the  natural  frequency  of  the  sys¬ 
tem,  several  profilers  begin  to  ar'so.  Hie  first,  and  most  pronounced 
ot  these  is  that  the  dither  signal  begins  to  appear  in  the  output  of 
the  system,  in  main  systems  this  is  object ionable  behavior.  It  results 
because  the  filtering  action  of  the  system  upon  the  dither  is  reduced 
as  the  frequency  of  the  dither  approaches  the  natural  frequency  of  the 
system.  But  more  important,  as  this  happens,  the  subharmonics  can  be 
generated.  If  the  input  to  a  i’WM  amplifier  is  a  sinusoidal  signal, 
whose  frequency  is  a  ratio  of  integers  times  the  dither  frequency,  it 
is  possible  for  the  output  e'(t)  to  have  subharmonics.  That  is,  har¬ 
monics  winch  are  of  lower  frequency  than  the  dither  signal  V  ,  or  a 
signal  being  applied  Imj  this  is  illustrated  in  Figure  11.  Hie  magni¬ 
tudes  of  these  subharmonics  are  usually  small  unless  the  frequency  of 
the  dither  and  the  frequency  of  the  sinusoidal  signal  approach  one 
another.  As  they  do,  the  magnitude  of  the  subharmonic  component  becomes 
larger  and  larger.  Of  course  the  system  will  have  difficulty  in  fil¬ 
tering  the  subharmonic  signals.  Hie  answer  to  this  is,  of  course,  that 
the  dither  frequency  must  be  large  compared  to  the  natural  frequency 
of  this  system.  As  long  as  this  situation  is  maintained  then  problems 
with  subharmonics  are  not  likely  to  occur  and  the  dither  is  likely  to 
be  filtered.  A  rule  of  thumb  which  can  be  used  is  to  keep  the  dither 
frequency  five  to  ten  times  the  natural  frequency  of  the  system. 
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The  dual  input  describing  function  can  be  used  to  further  inves¬ 
tigate  the  effects  as  (5  ,  however,  the  computational  problems  with 
this  approach  are  quite  severe  as  there  are  a  large  number  of  para¬ 
meters  associated  with  the  response. (5) 


Pulse  Compensators 

he  have  shown  how  analog  information  can  lie  handled  by  relatively 
coarse  quantizers  of  two  levels,  A  further  refinement  exists  in  the 
ability  to  construct  compensators  which  provide  lead  compensation  in 
control  systems.  Whenever  information  is  processed  in  a  control  sys¬ 
tem  by  a  quantizer,  the  output  of  the  quantizer  can  be  decomposed  into 
a  sum  of  steps.  If  tins  signal  is  to  be  compensated  by  a  load  compen¬ 
sator,  such  as  is  often  used  in  a  control  system,  then  the  resulting 
signal  out  of  the  lead  compensator  should  be  the  original  step  plus  an 
impulse  as  shown  in  figure  Ida.  Obvious  limitations  on  signal  magni¬ 
tude,  and  band  width  limit  the  magnitude  and  duration  of  this  pulse  to 
the  finite  values.  If  one  were  to  recognize  that  whenever  a  uniform 
quantizer  changes  from  one  state  to  another,  it  produces  a  step  of 
fixed  magnitude,  then  an  approximation  could  he  made  to  this  lead  com¬ 
pensator  which  consisted  of  an  impulse  of  fixed  magnitude  (“f,  )  and 
duration  (. T '  j  J  added  to  this  step.  Indeed,  as  the  magnitude  of  this 
pulse  is  increased  and  its  duration  decreased  (T'j),  this  ap¬ 

proximation  becomes  quite  good.  To  investigate  this,  suppose  that  we 
look  at  the  step  response  of  such  a  compensator.  A  step  applied  to 
such  a  compensator  produces  a  step  plus  an  impulse  as  shown  in  Figure 
12b,  Figure  12c  shows  how  it  could  be  mechanized.  We  can  write  a 
Laplace  transferal  for  each  of  these  two  signals.  Because  the  type  of 
signal  we  are  input ing  to  the  conpensator  is  fixed,  wc  can  develop  a 
transfer  function  for  the  device,  even  though  it  is  operating  with  non¬ 
linear  elements.  This  transfer  function  can  be  obtained  by  simply 
dividing  the  Laplace  transform  of  the  output  hv  the  transform  of  the 
input.  The  resulting  equation  is  shown  below:  ( 

e'(s>,  -C  ,  e" (s)  =  >_+*'  -  ’±lr'S 
3  s  s 

/ 

Gc(5)  t  e  r  t  4-  o/,  -  a/ ,  e”1”'  5 


This  transfer  function  can  be  examined  further  to  show  its  relation¬ 
ship  to  a  conventional  lead  compensator.  If  a  sinusoidal  signal  is 
applied  to  a  two  level  quant izer,  the  output  is  a  square  wave.  If 
this  square  wave  is  in  turn  applied  to  the  pulse  compensator  described 
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above  which  produces  a  pulse  of  fixed  amplitude  and  duration  each  time 
that  the  square  wave  input  to  it  changes  level,  then  the  output  ot  the 
compensator  will  appear  as  shown  in  Figure  13.  If  we  expand  the  input 
to  the  compensator  and  the  output  of  the  compensator  in  a  Fourier  series, 
and  look  at  the  fundamental  components  of  this  series,  it  can  be  shown 
that  fundamental  component  of  the  compensator  output  has  phase  lead 
and  that  the  lead  is  determined  by  input  frequency  oJ  ,  pulse  height0^, 
and  pulse  direction  T'j. 

if  ec-*-)-  E.'S.OLO-fc 

then  e'f-0  -  -f  hafMOwics 

tr 

and  eMC4)  r  ^L.  £  t  +•  ,  -of  %  co  s  *->T, '  J  s./mj-t  4  •wO'i 

4  of,  5‘  *  eoT,  'cos  i-o-t. 

TT 

A  describing  function  for  the  output  e'  (t)  relative  to  the  input 
e(tj  can  be  shown  to  be 

However,  the  describing  function  of  the  two  level  quantizer  is: 


This  implies  that  the  frequency  response  function  for  the  compensator 
operating  on  the  fundamental  of  the  quantizer  output  is: 

6cCj->*  i  +  «<l€'"r,,'VJ 


So  for  the  configuration  shown  in  Figure  13,  a  quantizer  followed 
by  a  pulse  compensator,  the  describing  function  can  be  written  as 
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It  can  be  shown  that  for  a  more  complex  quantizer  this  same  relation¬ 
ship  is  valid.  Therefore,  the  frequency  response  function  for  the  pulse 
compensator  can  he  used  for  design  purposes  and  combined  with 

the  s/stem  dynamics  in  the  normal  way  using  polar,  Nichols  or  Bode  plots 
as  if  it  were  a  linear  device. 

However,  this  same  frequency  response  function  would  result 

by  allowing:  s  =  jJ  in  the  transfer  function  just  as  is  done  in  linear 
systems.  For  this  reason  it  can  be  shown  that  the  frequency  response 
function  for  a  pulse  compensator  can  be  determined  from  its  transfer 
function.  The  polar  plot  of  this  frequency  response  function  is  quite 
useful  in  designing  the  compensators  and  evaluating  the  effect  of  the 
compensator  on  any  given  system.  In  a  similar  way  Bode  or  Nichols  plots 
can  also  be  used  for  design.  For  example,  the  frequency  response  function 
can  be  plotted  for  a  single  pulse  compensator  by  normalizing  the  fre¬ 
quency  response  function.  This  can  be  accomplished  by  setting:  tJ  . 

This  relationship  normalizes  the  frequency  of  the  frequency  response 
function.  A  further  normalization  can  be  performed: 

GcCjJO  -  I  4-  cv(  _  cVt€'-in 

°r  :  n. 

GcCj-sO-i  -  O-e  *  ) 


finally  GcC 


The  resulting  function  Gc^  i  £2.)  is  a  normalized  frequency  response 
function  in  the  complex  plane.  It  is  a  circle  which  is  the  basic  shape 
of  the  polar  frequency  response  function  plot.  The  actual  plot  for  a 
given  0/  j,  T/  is  shifted  to  the  right  by  one  and  has  a  radius  ofefj  in 
the  complex  plane  as  shown  in  Figure  14.  Thus  all  single  pulse  compensa¬ 
tors  have  a  frequency  response  function  which  has  a  circular  shape.  The 
effect  of  pulse  height  can  be  easily  shown  since  when  the  height  of  the 
pulse  is  increased  the  amplitude  of  the  vector  in  the  frequency  response 
function  polar  plot  increases  which  increases  the  size  of  the  circle  in 
the  complex  plane.  Obviously  as  the  height  of  the  pulse  reaches  infinity 
the  circle  approaches  a  vertical  line  located  at  +1  and  the  effect  of  the 
frequency  response  of  the  pulse  compensator  is  identical  to  Gc(jwV/+j*j  , 
or  proportional  plus  derivative  control.  The  effect  of  the  pulse  duration 
time  T, 1  on  the  frequency  response  function  is  to  cause  the  frequency  at 
which  a  vector  from  the  origin  to  the  point  on  the  frequency  response 
function  plot  occurs  to  be  larger  as  T/  decreases. 
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Notice  further  that  the  frequency  response  function  plot  is  a 
periodic  function  of  frequency  with  period  2tt*.T,cj  -J£7_  .  This  can  be 
shown  in  a  bode  plot  of  the  frequency  response  function  for  a  single 
pulse  compensator  which  is  shown  in  Figure  IS.  Since  a  Bode  plot  is  a 
log  plot,  the  magnitude  and  phase  angle  of  the  frequency  response  function 
becomes  compressed  at  high  frequencies. 


Single  pulse  compensators  are  useful  in  the  compensation  of  the 
overdamped  systems.  However,  many  significant  control  systems  are  lightly 
damped,  in  particular  pneumatic  and  hydraulic  systems  which  arc  required 
to  move  large  masses  are  often  very  lightly  damped.  Therefore  a  compen¬ 
sator  which  would  be  capable  of  handling  more  complex  systems  is  useful. 
Such  a  compensator  results  if  two  pulses  are  used  for  compensation  pur¬ 
poses.  This  hind  of  compensator  is  shown  in  Figure  lb.  On  each  transi¬ 
tion  of  the  quantized  signal  the  two  pulses  are  produced  rather  than  one. 
The  pulse  heights  and  durations  are  described  by  the  parameters  of,  a  d oft. 
and  T,'  and  where  the  senses  of  of,  and  ire  shown  in  the  figure. 

In  a  like  way  it  can  be  shown  that  the  transfer  and  frequency  response 
functions  for  this  compensator  arc:  (  ^ 

Qc(v)  =  i  +-  -  (<*1  Wt)eT|  s  +-  o/ze~~^  s 


i e+  s  - 

Gc(^-  i  -v-  °f,  -  (<*,  -**0G)eT'  ^ 
V  sx  -  T.'uJ 


- 


GcCjS^r  1  •+■  of,  -  (V,  J 


Ti  /  ' 

The  frequency  response  function  shape  depends  upon  and  /T,  . 

First  let  us  examine  the  effect  of  the  Ts'/Tj'.  It  can  be  shown  that 
the  frequency  response  function  for  a  two  pulse  compensator  will  contain 
cusps  or  loops  and  the  number  of  these  cusps  or  loops  will  be  equal  to 
Tt'/Tj'  -  1.  If  Tj'/Ij'  is  not  an  integral  quantity  then  the  frequency 
response  function  will  have  a  period  in  the  complex  plane  which  is  2  n- X 
(the  denominator  of  the  Tt'/Tj'  ratio  when  expressed  as  a  reduced 
fraction).  For  example  Ts'/Tj'  -  5/2  repeats  in  frequency  with  period 
of  P  =4tt  .  -Several  examples  of  this  are  shown  in  Figure  17.  The 
most  useful  of  these  compensators  appears  to  be  the  one  in  which  T2V 
T j '  is  equal  to  two.  For  a  fixed  Ts'/Ti'  (in  this  case,  2.  )  the 
effect  of  o<  j,  is  shown  in  Figure  18.  ef  2  is  plotted  versuso/  ^ 
and  this  plane  is  divided  into  regions  in  which  a  particular  form  or 
shape  of  the  frequency  response  function  results.  The  dots  in  each  of 
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■these  sketches  is  the  *1  point  where_Q. =  O-  The  arrow  shows  the 
Erection  of  increased  &.  .  A  number  of  useful  compensators  can  be 
developed.  The  dotted  lines  in  this  plane  represent  compensators 
which  arc  zero-pass,  that  is,  which  have  a  frequency  response  function 
that  is  zero  at  some  frequency,  either  atjQ.  = tt  or  at  some  lower  value 
of.fl  .  Two  of  these  compensators  from  this  infinite  set  of  zero-pass 
compensators  are  of  particular  interest  as  they  were  postulated  by  Q4M. 
Smith  in  his  posicast  concept. (9)  They  are  indicated  on  the  plot.  One 
of  the  compensators  of  this  infinite  set  is  very  interesting  as  it  is 
a  zero-pass  compensator  which  requires  no  new  signal  levels.  That  is 
the  case  where  =  1  ).  The  frequency  response  function  in  this 

case  is  shown  in  detail  in  Figure  19  as  a  polar  plot  and  in  Figure  20 
in  a  Bode  plot.  Furthermore,  the  mechanism  by  which  this  compensator 
operates  can  be  shown  quite  easily.  Suppose,  for  example,  a  sine  wave 
of  frequency  w*  is  fed  to  a  two  level  quantizer  to  produce  a  square 

wave  as  shown  in  Figure  21.  This  signal  then  is  fed  to  the  zero-pass 
filter  with  TS  =  2T'j.  Because  of  the  filter  configuration,  the  out¬ 
put  of  the  filter  is  a  square  wave  signal  of  frequency  3*0  .  Con¬ 

sequently,  the  zero-pass  effect  is  accomplished  by  frequency  multipli¬ 
cation  in  this  case.  This  form  of  filter  is  particularly  useful  in 
the  compensation  of  resonant  systems.  However,  there  arc  problems  in 
its  use.  These  problems  result  from  the  fact  that  at  low  frequencies 
the  compensator  introduces  a  phase  lag  while  the  amplitude  of  the  com¬ 
pensator  is  decreasing  as  shown  in  Figure  21.  Above  the  zero-pass 
frequency  the  compensator  provides  phase  leads  of  as  much  as  150°  and 
its  amplitude  is  increasing.  Khen  applied  to  a  resonant  system  it 
moves  the  imaginary  axis  crossing  to  a  much  higher  frequency.  However, 
because  of  the  phase  lead,  the  system  and  compensator  fiequency  response 
function  will  exhibit  loops  in  the  complex  plane  requiring  careful  design 
at  high  frequency.  This  is  shown  in  Figure  22.  A  more  effective  approach 
to  the  resonant  system  compensation  problem  is  to  use  compensators  which 
are  in  the  sector  of  the  ,  of  j  plane  which  is  enclosed  by  the  <Vt'=o  , 
lines  in  the  first  quadrant.  In  these  compensators,  it  is 
possible,  as  shown  by  Foster  and  Taft,^y^  to  produce  compensators  which 
are  capable  of  compensating  a  resonant  system  and  providing  a  large  in¬ 
crease  in  system  gain  at  no  increase  in  system  overshoot  or  decrease  in 
system  stability.  Foster  investigated  a  system  of  the  form  shown  in 
Figure  23.  He  chose  <V,i of^s.  n  and  tV/t/  :Z  ■  For  various  values  of 
open  loop  damping  ratio  3  and  closed  loop  maximum  frequency  response 
function  magnitude  H.**  ,  he  chose  a  compensator  specified  by  n  and  T,  and 
compared  compensated  and  uncompensated  rec  ionses.  Examples  of  the  results 
are  shown  in  Figures  24-29.  As  with  the  single  pulse  compensator  the 
larger  the  magnitude  of  the  compensation  pulse  the  more  effective  it 
will  be.  Foster  demonstrated  for  this  digital  system  how  the  compensa¬ 
tor  could  be  mechanized  and  produce  exceedingly  effective  compensation 
for  resonant  systems.  Bermcl  and  Taft  also  demonstrated  that  the  zero- 
pass  filter  could  be  used  for  compensating  resonant  systems. (H) 
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It  is  obviously  possible  to  add  additional  compensation  pulses  and 
three  pulse  compensators  have  been  classified.  It  has  been  shown  that 
when  the  three  pulses  have  equal  duration  their  polar  plots  will  exhibit 
two  cusps  or  loops  and  that  the  shape  of  these  frequency  response  func¬ 
tions  is  considerably  more  complex  than  those  for  the  two  pulse  com¬ 
pensator.  As  yet  no  applications  have  been  made  of  this  three  pulse 
compensation  method,  however  I’urter  did  classify  the  forms  of  response 
which  were  possible.il-)  Typical  frequency  response  function  polar 
plot  shapes  for  the  three  pulse  compensator  are  shown  in  Figure  30. 

Note  that  these  have  been  mormalizcd  and  so  for  the  actual  polar  plot 
the  small  circle  represents  o  at  *1. 


Oithcred  I’ulse  Compensation 

The  notions  of  the  altered  characteristic,  the  use  of  quantizers 
with  dither  to  provide  proportional  behavior  and  the  idea  of  pulse  com¬ 
pensation  can  be  combined  to  produce  compensators  which  can  be  added 
to  otherwise  analog  systems  to  provide  lead  compensation  or  resonant 
system  compensation.  This  approach  essentially  uses  a  combination  of 
the  two  ideas  presented  so  far.  flic  notion  as  originally  developed  by 
Taft  and  HamlinU0)  is  shown  in  Figure  31a.  The  system  error  signal 
e(tj  would  be  added  to  a  dither  signal.  The  resulting  signal  would  be 
processed  by  a  two  level  quantizer  and  the  output  operated  on  by  a 
pulse  compensator.  The  resulting  pulse  compensated  signal  would  then 
be  applied  to  the  system. 

Tliis  notion  can  be  illustrated  by  examining  the  waveform  of  sig¬ 
nals  in  a  compensation  circuit  of  this  type.  In  Figure  32  assume  that 
the  input  to  the  compensator  e(.t)  is  a  sine  vave  as  shown.  It  is  fur¬ 
ther  assumed  that  triangular  wave  dither  b(t)  is  added  to  the  signal  to 
produce  the  wave  form  shown.  This  signal  is  fed  to  a  two  level  quantizer 
which  produces  a  pulse-width  modulated  signal  e'(tj.  At  each  transi¬ 
tion  of  the  pulse-width  modulated  signal  a  pulse  of  height  Z&  \  and 
duration  Tj '  is  produced.  These  compensation  pulses  arc  shown  as  e"(t). 
These  pulse  trains  arc  per  iodic  with  the  same  fundamental  frequency  as 
the  original  signal  e(t).  The  fundamental  and  UC  level  of  the  positive 
and  negative  pulses  is  shown.  Notice  that  the  sum  of  these  two  sig¬ 
nals  or  the  total  low  frequency  effect  of  the  pulses  is  a  sine  wave 
which  leads  e(t)  by  90°.  The  magnitude  of  this  sine  wave  increases  with 
of j  and  Tj'.  These  waveforms  illustrate  how  the  dithered  quantizer 
and  pulse  compensator  produce  a  phase  lead  signal,  they  also  show  how 
compensation  can  be  accomplished  by  only  applying  the  positive  or 
the  negative  compensation  pulses.  This  approach  was  used  by  Bcrmel 
and  Taft  in  a  resonant  system  compensator.^^)  The  difficulty  with 
this  approach,  of  course,  is  that  it  requires  that  the  signal  must  be 
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quantized  in  order  to  provide  the  pulce  compensation  and  several  dif¬ 
ficulties  result  from  this.  The  first  of  these  is  that  dither  and  the 
higher  harmonics  generated  by  the  quantizer  show  up  as  ripple  in  the 
output . 

A  further  step  was  taken  to  reduce  the  ripple  in  the  compensated 
system.  This  was  accomplished  by  operating  on  the  error  signal,  leaving 
the  original  error  signal  path  present  in  the  feedback  system  as  showm 
in  Figure  31b.  The  error  signal  is  mixed  with  the  dither  and  fed  to 
a  quantizer  then  compensation  pulses  are  produced  from  this  signal 
which  are  aided  to  the  analog  error  signal.  This  approach  greatly  re¬ 
duced  the  ripple  in  the  output  due  to  the  compensator.  In  addition  it 
allows  the  compensator  to  be  inserted  in  the  existing  system  as  a 
parallel  path  so  that  very  little  modification  needs  to  be  made  in  the 
existing  system  to  add  the  compensator.  This  approach  has  advantages, 
for  the  application  of  this  notion  to  the  control  fluid  systems  since 
it  allows  an  easy  addition  of  the  compensator  to  an  existing  system. 

The  effective  transfer  function  of  the  compensator  is  determined  by 
the  magnitude  of  the  compensator  pulses  the  magnitude  of  the 

dither  3  and  the  output  level  of  the  quantizer  M  . 

The  system  shown  in  Figure  51b  can  be  replaced  by  an  equivalent 
low  frequency  system  where  the  dither  and  quantizer  are  replaced  by 
the  altered  characteristic  as  shown  in  Figure  31c.  For  error  signals 
less  than  .7B,  the  altered  characteristic  is  very  nearly  linear  with 
gain  ZM  /nB>  .  Therefore  since  the  pulses  arc  added  to  the 

error  signal  the  overall  transfer  function  between  error  c(s)  and  sys¬ 
tem  input  c"(s)  is: 


Notice  that  either  quantizer  output  in  or  dither  amplitude  B  can  be  con¬ 
trolled  to  provide  simple  adaption  control  of  the  compensator.  Another 
problem  in  the  use  of  the  compensator  results  because  as  compensator 
pulse  duration  Tj 1  is  made  larger  and  larger  the  possibilities  of  pulse 
overlap  begin  to  occur.  That  is,  it  is  possible  for  a  second  or  third 
compensation  pulse  to  be  called  for  before  the  original  pulse  is  over. 
This  would,  in  effect,  require  memory  in  the  pulse  compensator  and  in¬ 
creases  the  amount  of  hardware  necessary  to  mechanize  the  pulse  com¬ 
pensation  concept.  Nawaz  developed  fluidic  circuitry  to  accomplish 
this  but  it  does  require  more  hardware. (  ^) 

The  finite  operating  times  of  fluidic  elements  and  the  desire  to 
keep  dither  frequency  high  and  pulse  duration  low  puts  limitations  on 
the  application  of  the  compensator.  Further  the  operating  time  of  the 
fluidic  digital  elements  can  be  of  the  order  of  the  compensation  pulse 
duration.  This  has  the  effect  of  degrading  compensator  effectiveness. 
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Foi  example  consider  the  system  shown  m  Figure  33  with  a  two 
pulse  compensator  whose  transfer  function  is  GcO')  •  The  fluidic 
elements  used  to  produce  the  compensation  pulses  have  switching  times 
of  tj  wh  ich  is  equivalent  to  a  transport  delay  us  shown.  For#,  =o( 2 
=  5  and  Ts'  =  2Tj'  the  resulting  effect  of  various  transport  delays 

on  the  first  two  quadrants  of  the  compensator  frequency  response 
function  Gc(  l‘"J  are  shown  in  figure  34.  As  would  be 

expected,  the  time  delay  causes  less  phase  lead  to  be  contributed  by 
the  compensator  and  considerably  less  compensator  magnitude.  The 
former  effect  is  detrimental,  however,  the  latter  effect  may  actually 
be  beneficial. 

Bermel  and  laft^^  used  the  compensator  torn  shown  in  Figure  32b 
in  the  construction  of  a  very  resonant  pneumatic  positioning  system. 

In  addition,  no  dither  was  used  and  only  positive  pulses  were  applied. 
An  all-fluidic  system  was  built  by  Bermel  which  positioned  a  mass  using 
pneumatic  cylinder  and  vortex  sensor  as  the  position  feedback  element. 
The  resonant  compensator  used  in  the  system  has  the  form  shown  in 
Figure  35.  Furthermore  these  compensation  pulses  were  added  at  the 
high  power  levels  directly  into  the  actuatin’  cylinder.  The  approach 
proved  quite  effective  although  Bermel  did  not  use  a  dither  signal 
and  operated  the  system  with  only  pulses  m  <<•  e  direction  which  meant 
that  the  compensation  was  highly  nonlinear.  The  resulting  response 
of  the  system  was  considerable  less  oscillatory  than  the  one  without 
compensation.  The  results  of  this  ipproach  arc  shown  in  Figure  3b. 


SUMMAin  AND  CONCLUSIONS 

Digital  fluidic  elements  can  tie  used  to  process  analog  signals. 

By  adding  a  sinusoidal  or  periodic  signal  tu  an  analog  signal  and  then 
processing  the  result  by  two  or  three  level  quantizers  it  is  possible  to 
produce  an  output  whose  low  frequency  components  are  nearly  proportional 
to  the  input  over  a  range  of  inputs.  This  in  effect  alters  the  char¬ 
acteristic  of  the  quantizer.  This  "altered  characterisitc"  demonstrates 
analytically  the  linearizing  effect  of  a  dither  signal.  The  dither 
signal  may  in  fact  be  generated  internally  by  closing  a  feedback  loop 
around  the  quantizer  itself.  This  process  is  producing  the  dither  by 
causing  the  system  to  exhibit  a  limit  cycle.  I’ulse-width  nodulated 
amplifiers  are  the  result  of  an  approach  like  this  and  can  be  used  for 
proportional  control. 

A  further  refinement  results  if  one  notices  that  the  output  of  any 
quantizing  processes  is  a  sum  of  steps.  The  resulting  signals  can  be 
compensated  by  adding  pulses  whenever  those  steps  occur.  The  added 
pulses  can  be  produced  by  digital  elements  and  so  a  digital  compensa¬ 
tion  results.  The  resulting  compensators  can  be  analyzed  by  linear 
methods.  A  transfer  function  can  be  developed  for  these  devices  and 
a  frequency  response  also  developed.  This  allows  compensators  which 
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result  from  one,  two  anil  three  pulses  to  he  designed.  The  design  of 
these  compensators  also  involves  p rob lens  associated  with  the  overlap 
of  pulses  which  can  occur  when  pulse  durations  are  long  and  signals 
are  changing  rapidly.  Furthermore,  these  compensators  tend  to  produce 
a  ripple  in  the  output  due  to  the  high  frequence  components  of  the 
dither,  which  are  accentuated  In  the  compensation  pulses.  Some  of 
these  effects  can  he  reduced  hy  producing  the  compensation  pulses  alone 
rather  than  processing  the  signal  with  the  quantizer  in  order  to  allow 
the  use  of  the  compensation  pulses.  Diis  approach  involves  applying  a 
parallel  error  path  in  a  fluid  system  through  which  signals  are  pro¬ 
cesses  and  compensation  pulses  produced  to  provide  system  compensation. 
Ilus  approach  should  offer  considerable  advantages  in  many  fluid  sys¬ 
tems  especially  those  which  are  very  resonant.  In  tins  way  fluidic 
elements  can  he  used  to  provide  rather  sophisticated  forms  of  com¬ 
pensation  without  my  moving  part  m  r  any  signal  conversions.  The 
advantages  of  using  fluidic  devices  for  this  purpose  show  promise. 
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Regenerative  Process-Fluid  Switching  Circuits 

J.R.  TIPPETTS,  B. Sc. Eng.  Ph.D. 

Department  of  Chemical  Engineering  and  Fuel  Technology, 
University  of  Sheffield,  Sheffield. 


Summary 

Usefux  new  hardware  and  theoretical  insight  have  evolved  from  the 
study  of  process -fluid  switching  in  "regenerative  circuits".  Such  circuits 
may  be  applied  in  furnace  air  supply  systems  in  which  hot  waste  gas  and 
cold  incoming  air  flow  alternately  over  regenerative  heat-exchangers. 

Other  potential  applications  are  in  toxic  fluid  pumping  or  filtration. 

The  circuit  incorporates  two  sub-circuits: 

1)  an  "alternator"  (or  inverter),  and  2)  a  rectifier  (full -wave  bridge 
rectifier) .  In  heat-exchange  systems  the  rectifier  must  not  allow  flow 
to  bypass  the  load  (furnace)  and  several  new  devices  have  been  constructed 
to  meet  this  requirement.  Six  distinct  types  of  active  node-elements 
are  identified  which  correspond  to  the  six  types  of  3-terminal  junctions 
in  these  circuits.  2h  basic  circuits  are  listed  which  result  from  com¬ 
bining  these  devices  in  different  waysj  many  more  circuits  can  be  derived 
from  the  uasic  list.  A  form  of  duality  is  shown  to  relate  alternators 
and  rectifiers;  in  general  an  item  of  alternator-type  is  matched  by  a 
rectifier-type. 

These  topics  give  rise  to  questions  of  a  general  theoretical  nature 
and  within  the  confines  of  what  may  be  termed  "theory  of  Eulerian  net¬ 
works"  certain  definite  answers  are  given.  The  power  transmitting  prop¬ 
erties  of  3-terminal  elements  are  emphasized  and  an  "indefinite"  charac¬ 
terisation  scheme  is  defined  which  concisely  relates  these  elements  to 
ideal  network  devices,  such  as  gyrators  and  transformers,  and  to  fluid 
systems  such  as  pumps  and  aerofoils.  Circuit  design  procedures  are  put  in 
terms  of  "data  transformations"  which  are  analogous  to  matrix  operations 
in  linear  circuit  analysis. 
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Nomenclature 


\,B,  &  C 
a,b,c,  &  d 


F 

f 

G 

k 

K 

Q 

q 

Re 

r 

s 

T 

u,v,  &  w 

V 

X 

x,y  &  z 
Z-state 


Performance  parameters  (Ratios  of  pressures), 
nodes  in  lattice  network.  Fig.  18. 
pressure  coefficient  (Euler  number), 
diameter . 

Non-dimensional  pressure,  Performance  parameter  of  FJ 
and  Bistable  Amplifier. 

pressure  difference,  arrow  goes  from  high  to  low. 

function. 

function. 

Performance  parameter  (Ratio  of  pressures), 
resistance  coefficient  of  the  form  e/q  . 
ratio  of  resistance  coefficients, 
non-dimensional  flow, 
flow. 

Reynolds  number. 

radius  (independent  polar  coordinate), 
radius  (dependent  polar  coordinate). 

Turndown  ratio  (Flow  ratio) . 
dependent  terminal  variables, 
velocity. 

Performance  parameter  for  VA  and  RFVA. 
independent  terminal  variables. 

Flow  state  in  which  all-but-two  flow  variables  are  zero. 


a 

0 

0 

0 

n 

v 

P 

n 

Subscripts 

a,b  &  c  ) 
x,y  &  z  ) 

L 

m 

o 

r 

s 

P 


Angle  (independent  polar  coordinate). 

Angle  (dependent  polar  coordinate). 

Angle  (independent  polar  coordinate  in  an  indefinite 
system) . 

Angle  (dependent  polar  coordinate  in  an  indefinite  system). 

Multiplier. 

kinematic  viscosity. 

density. 

efficiency  (ratio  of  powers). 


terminals  of  a  3-terminal  device). 

load. 

maximum. 

reference  value.  Output, 
function  defining  r. 
supply.  Function  defining  s. 
function  defining  (i  . 


Abbreviations 


A-RFD  Alternator  type  Reverse  Flow  Diverter. 

CSV  Coanda-Switched  Vortex  device. 

CSVRFD  a  specially  designed  vented  CSV. 
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DT  Tee  joint  connecting  two  diodes. 

FJ  Flow  Junction,  a  special  Y-joint. 

JFD  Jet-pump-diode,  a  jet  pump  with  a  diode. 

R-RFD  Rectifer-type  Reverse  Flow  Diverter. 

RFDVA  Reverse  Flow  Diverting  Vortex  Amplifier,  a  specially- 

designed  vented  VA. 

VA  Vortex  Amplifier. 
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Introduction 

This  paper  concerns  the  application  of  fluidic  (no-moving-part) 
techniques  to  the  control  of  flow  in  networks.  The  fluidic  devices  are 
regarded  primarily  as  process-fluid  handling  valves  and  this  role  makes 
special  demands  of  theory  and  hardware  that  are  not  encountered  in  pure 
information-switching  systems  (logic).  In  this  context,  fluidics  can  be 
related  to  electronics  and  it  is  to  be  expected  that  a  theory  of  fluidic 
networks  must  exist  which  is,  to  some  extent,  distinct  from  fluid  dynamics 
in  the  same  way  that  electrical  network  theory  is  distinct  from  electron 
dynamics.  There  is  some  justification  for  this  because  there  are  relation¬ 
ships  and  techniques  of  design  and  analysis  which  are  uniquely  useful  in 
fluidic  circuits  but  which  depend  only  on  the  most  elementary  aspects  of 
fluid  mechanics.  Needless  to  say,  the  comprehensive  design  of  a  fluidic 
(or  any)  system  requires  a  wide  range  of  already  well -understood  engin¬ 
eering  science;  here  only  the  special  factors  which  apply  to  fluidics  are 
emphasized. 

These  topics  arise  almost  inevitably  in  connection  with  "regenerative 
circuits",  the  study  of  which  has  resulted  in  new  devices  and  general 
design  methods  which  are  already  being  used  in  a  wider  field. 

Regenerative  Networks 

The  network  shown  in  Fig.  1.  represents  the  path  taken  by  process 
fluid  in  a  regenerative  system.  Its  significance  is  made  clear  by  con¬ 
sidering  a  furnace  air  supply  system  with  regenerative  pre-heating.  The 
"regenerators"  are  regenerative  heat  exchangers,  which  could  be  stacks  of 
metal  plates.  The  "load"  is  a  furnace  in  which  the  heated  air  is  burnt 
with  fuel  (not  shown)  and  hotter  waste  gases  are  produced;  the  flow  in  the 
furnace  is  steady  and  unidirectional.  The  "source"  represents  a  steadily 
operating  air  blower;  it  also  represents  the  chimney  and  the  "connection", 
by  way  of  the  atmosphere,  to  the  blower.  The  "alternator"  and  the  "recti¬ 
fier"  are  flow  switching  circuits  which  cause  hot  waste  gases  and  cold 
incoming  air  to  alternate  in  the  regenerative  heat  exchangers. 

This  application  of  fluidic  switching  was  envisaged  by  Swithenbank 
and  Taylor  (Ref.  1.)  and  various  aspects  of  the  design  of  such  systems  have 
been  described  in  Refs.  2,  3  and  U.  The  advantages  to  be  gained  with 
fluidic  switching  are:- 

1)  Valves  which  do  not  wear  out  at  high  operating  frequencies. 

2)  Reduc  id  size  of  heat  exchangers  resulting  from  1  . 

3)  Reduced  cost  resulting  from  1  and  2. 

li)  More  applications,  thus  saving  heat. 

Regenerative  flow  switching  circuits  of  this  type  may  have  many  other 
applications  however: 

The  alternator  is  equivalent  to  a  directional  control  valve;  it  is  a 
circuit  able  to  cause  a  piston  to  reciprocate. 
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The  rectifier  ideally  acts  as  a  full -wave  bridge-rectifier  converting 
alternating  source  flow  into  unidirectional  load  flow. 

The  alternator  and  rectifier  can  be  used  separately  or  in  conjunction 
with  conventional  (moving  part)  circuits.  A  method  of  pumping  abrasive  or 
"difficult"  fluid  with  air  is  shown  in  Fig.  2.  Here  the  switching  circuits 
are  represented  as  ^-terminal  networks  and  the  load  is  simply  the  head 
difference  between  the  two  reservoirs.  The  regenerative  elements  are  "gas- 
pistonS"  -  simply  vertical  cylinders  in  which  alternating  gas  pressure 
drives  the  liquid  up  and  down.  Hence,  the  circuit  enables  a  steadily  flow¬ 
ing  easily-pumped  fluid  to  induce  a  relatively  steady  flow  of  a  hard-to- 
pump  fluid. 

A  pumping  system  in  which  all  of  these  elements  are  identifiable  was 
described  by  Walkden  and  others  Refs.  5.  and  b  .  and  it  enabled  molten 
salt  at  1500°K  to  be  pumped  by  air  pressure.  Walkden' s  "Alternator"  was 
electromechanical  but  the  "rectifier"  was  basically  a  jet-pump  with  two 
driving  jets  to  which  the  alternating  flow  was  applied. 

Various  other  applications  for  these  systems  can  be  envisaged  depend¬ 
ing  on  the  type  of  regenerative  elements  used,  several  types  of  which  are 
shown  in  Fig.  3«  The  diaphragm,  or  a  series  of  gas-pistons,  allows  pumping 
energy  to  be  communicated  through  a  pressure  vessel.  A  pressure  amplifying 
system  results  from  the  double-area  rams,  and  a  self -cleaning  filtration 
system  can  be  devised  by  using  filterscreens  which  are  washed-clean  by 
reverse  flow. 

Criteria  of  Merit 

Many  types  of  circuit  can  be  made  so  it  is  useful  to  have  criteria 
by  which  they  can  be  judged. 

"Flow  control"  implies  that  the  fluid  must  take  a  prescribed  path; 
such  is  the  case  in  the  rectifier  used  in  the  furnace  system.  Here,  no 
heat-carrying  air  must  by-pass  the  load  ( furnace)  nor  must  flow  be  recycled 
through  it,  as  can  happen  in  some  fluidic  circuits.  This  can  be  described 
a3  a  "no-leakage"  criterion. 

The  running  cost  of  a  circuit  is  determined  by  a  suitably  defined 
"efficiency"  T).  In  some  cases  it  is  possible  to  maximise  the  efficiency 
by  judicious  circuit  design.  In  the  case  of  a  pump  supplying  a  known, 
fixed  load,  efficiency  can  be  simply  defined  and  it  is  a  direct  measure  of 
the  merit  of  the  circuit,  but  if  the  load  is  variable  or  unknown  the  merit 
will  depend  on  various  characteristics  of  the  circuit. 

Scope  of  the  Analysis 

The  analysis  concerns  the  steady-state  operation  of  systems  of  chara¬ 
cterised  devices  with  incompressible  non-cavitating  flow.  It  is,  therefore, 
subject  to  some  obvious,  but  quantifiable,  restrictions,  however,  recent 
experience  has  shown  that  such  analysis  is  useful.  As  a  result,  the  cir¬ 
cuits  are  considered  to  be  "Kirchhoffian  non-linear  networks"  which  have 
been  studied  extensively,  for  example  by  Chua  (Ref.  1.,.  Such  studies  are 
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comprehensive  and  very  general  but  they  are  mainly  carried  out  in  the  con¬ 
text  of  electrical  networks.  Fluidic  networks  are  distinct,  however,  in 
that  ?  "similarity"  condition  (described  later)  applies  which  can  greatly 
simplify  the  analysis.  Also  many  fluidic  devices  are  "active"  in  a 
special  sense  which  distinguishes  them  from  pipe-networks  and  from  many 
circuits  using  semi-conductor  electronic  devices. 


These  special  features  can  be  conveniently  described  in  terms  of  an 
idealized  "3-terminal  device"  which  can  represent  a  vortex  amplifier,  tee- 
joint,  or  a  large  number  of  fluidic  devices.  The  following  discussion  is 
therefore  .lightly  abstract,  but  this  is  necessary  in  order  to  derive  con¬ 
cise  general  statements  which  apply  to  the  numerous  devices  and  circuits 
which  ..re  useful  in  controlling  flows. 


3-terminal  Devices 

A  3-terminal  device,  having  3  pipe-connections,  is  representative  of 
many  fluidic  devices  and  it  may  also  be  used  as  a  basic  unit  of  sub-divi¬ 
sion  for  more  complex  circuits. 

The  objective  considered  here  is  the  determination  of  the  device 
operating  point  from  characteristics  defined  by  the  continuous  variables. 
Boolean  or  logical  variables  are  sometimes  necessary  in  cnaracterising 
devices  with  multi-valued  characteristics  such  as  bistable  amplifiers  but 
a  change  in  the  value  of  the  logical  variable  sinply  means  a  repetition  of 
the  procedures  described  in  the  following. 

In  finding  the  operating  point  these  factors  are  important: 

Three  flows  (q)  and  three  pressure  differences  (e)  are  the  terminal 
variables  as  shown  in  Fig.  Ua. 

If  it  is  Xirchhoffian  (using  the  "zero-sum"  allocation  of  variables): 


q  +  q,  +  q  =  0 

^a  nb  nc 

e  +  e,  +  e  =  0 

a  b  c 


(1) 


also  the  power  dissipated  in  the  device  is  given  by  any  of  these  express¬ 
ions. 


A  single  operating  point  can  be  described  adequately  by  a  minimum  of  four 
suitably  chosen  "characterisation  variables"  which  are  denoted  by  x,  y,  u 
and  v.  These  can  be  allocated  in  21  ways,  x  and  y  denote  independent 
variables  and  these  can  be  allocated  in  30  ways,  (,  of  which  are  homogeneous 
allocations  (x  and  y  both  pressures  or  both  flows).  Any  2  variables  can 
identify  uniquely  an  operating  point.  At  any  operating  point,  four  partial 
differentials  completely  describe  a  local  linearization  of  the  character¬ 
istics: 


100 


£u 

dx 


au 

3v 

3v 

y 

X 

33E 

y 

*y 

x 


(3) 


(representing  gains,  impedances,  admittances,  etc.  depending  on  how  x,  y, 
u  and  v  are  allocated  to  flow  and  pressure  variables) 


The  characteristics  can  be  regarded  as  a  useful  range  of  operating  points 
listed  systematically  by  imposing  constraints  on  the  independent  variables. 
Consequently  the  operation  of  a  device  may  be  described  in  many  different 
but  equally  valid  ways  dependent  on  these  artificially  imposed  allocations 
of: 


1.  Signs  to  variables. 

2.  Characterisation  variables. 


3.  Independent  variables. 
U.  Constraints. 


The  effect  of  changing  any  of  these  allocations  greatly  affects  the  appear¬ 
ance  and  utility  of  the  characteristics  but  the  effect  is  always  predict¬ 
able. 

The  re-allocation  of  signs  and  of  certain  characterising  variables 
depends  on  simple  linear  relationships.  For  example,  the  zero-sum  desig¬ 
nation  of  pressures  is  useful  in  emphasising  certain  general  features  and 
in  programming  but  for  many  purposes  it  is  convenient  to  use  a  "2-port" 
format  as  shown  in  Fig.  lib .  in  which  one  terminal  is  chosen  as  a  datum. 

The  datum  terminal  can  be  chosen  in  three  ways  and  Table  1.  shows  the 
values  of  the  pressure  variables  (primed)  in  the  2-port  format  in  terms  of 
those  in  the  zero-sum  format  (entries  in  the  table) 


2 -port  variables 

i  i  i 

e  e,  e 

a  b  c 

datum  a 

terminal  b 

c 

*  -e  e, 

c  b 

e  *  -e 

c  a 

Table  1  . 


The  ability  to  determine  easily  the  effect  of  re-allocations  3  and 
1*  can  be  regarded  as  the  essence  of  circuit  analysis.  In  a  linear  system 
this  is  accomplished  by  standard  matrix  methods.  Thus,  device  character¬ 
istics  in  one  format  (impedance,  admittance  or  hybrid)  can  be  converted 
into  any  ether  format  to  suit  the  circuit  topology  (series,  parallel  or 
hybrid).  This  applies,  of  course,  to  local  linearization  of  non-linear 
systems  and  Shekel,  Ref.  8,  has  described  simply-applied  routine  methods. 
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The  significance  of  "constraints"  can  be  understood  by  analogy: 
consider  linear  dynamic  systems;  these  are  usually  characterised  by  their 
response  to  sinusoidal  functions,  i.e.  one  of  the  independent  variables 
is  constrained  by  a  sine  function.  The  Laplace  transform  determines  the 
effect  of  changing  the  constraint  algebraically. 

In  fluidic  systems  subject  to  Eulerian  similarity,  the  analysis  can 
be  partly  accomplished  algebraically  by  formulas  ("data  transformations") 
that  apply  to  all  devices.  Also,  certain  characterising  functions  can  be 
defined  which  are  invariant  with  respect  to  the  constraints  and  concise 
"large  signal"  parameters  can  be  defined  which  complement  the  small  signal 
linearizations  which  feature  so  much  in  electrical  circuit  analysis. 

These  topics  are  next  discussed  in  detail  for  conditions  of  ideal 
Eulerian  similarity.  The  results  also  apply  to  quasi-steady  dynamic  con¬ 
ditions;  also  quickly  converging  iterative  solutions  can  be  deduced  in 
terms  of  the  ideal  even  when  only  moderate  similarity  applies.  When  simi¬ 
larity  does  not  apply  and  the  system  is  completely  non-linear  or  if 
detailed  dynamic  response  must  be  predicted,  the  analysis  becomes  the 
province  of  programming  and  mathematical  modelling  -  subjects  which  are 
receiving  much  attention  elsewhere. 

Eulerian  Similarity 

The  consequences  of  similarity  can  be  explained  easily  by  usi'-'g  an 
extension  of  Paynter's  (Ref.  9.)  characterisation  of  turbo-machines  (pumps 
and  turbines).  For  this  it  is  simplest  to  consider  a  device  characterised 
by  two  homogeneous  independent  variables  x  and  y.  An  operating  point  is 
represented  by  a  point  in  the  x  y  plane  and  a  corresponding  point  in  the 
u  v  plane.  These  points  can  also  be  located  by  polar  coordinates  ar  and 
ps  as  shown  in  Fig.  5*  The  polar  representation  and  associated  functions 
are  useful  for  conceptual  purposes  but  ultimately  they  must  be  put  in 
cartesian  form. 


Characterisation  concerns  the  mapping  of  points  in  the  x  y  plane  to 
points  in  the  u  v  plane.  To  simplify  the  representation  of  the  mapping, 
constraints  may  be  imposed  on  x  and  y  by  means  of  a  functional  relation¬ 
ship  which  may  be  defined  by  r  =  fr(ot)  ;  also  an  auxilliary  function  p  ■ 
fg(a)  may  be  defined.  A  curve  r  =  fr(a)  in  the  x  y  plane  therefore  maps 
ihto  a  curve  s  =  fs(p)  in  the  u  v  plane  and  the  point-by -point  correspon¬ 
dence  is  specified  by  the  function  p  ■  y«>. 

Eulerian  similarity  is  characterised  by 
1.  Radial  lines  in  the  x  y  plane  map  into  radial  lines  in  the  u  v  plane. 


Two  points  or,  and  O.T2  on  the  same  radial  line  in  the  x  y  plane  map 
into  two  poinis  Ps-|  and  Pso  on  ‘‘he  same  radial  line  in  the  u  v  plane, 
and  their  radial  positions  are  related  by 
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where  n  =  2  if  r  represents  flow  (and  s  pressure)}  and  n  *  {  if  r 
represents  pressure  (and  s  flow). 

Also,  if  there  is  a  change  in  the  fluid  density  or  the  size  of  the 
device,  for  a  fixed  value  of  a,  the  effect  is  easily  predictable. 

This  form  of  similarity  is  expected  in  ideal  flows  dominated  by 
inertial  forces  as  considered  by  Euler  in  his  conception  of  turbomachines. 
But  it  is  a  fortuitous  characteristic  of  many  flows  that  turbulent  shear 
stress  is  generated  in  such  a  way  that  the  came  form  of  similarity  still 
prevails  in  real  systems.  The  extent  to  which  this  is  true  must,  however, 
be  determined  by  experiment.  (The  range  of  validity  can  be  put  in  terms 
of  Reynolds  number,  Mach  number,  Cavitation  number,  etc.). 

Three  fluid  systems  which  are  subject  to  Eulerian  Similarity  may  be 
compared: 

System  Representative  of 

1  Centrifugal  pump  2 -port  elements  internal 

2  Vortex  amplifier  3-terminal  network  elements  J  flows 

3  Aerofoil  Field-controlled  elements  (external  flows) 

Characterising  variables  may  be  allocated  as  follows: 


Independent  variables 
x  |  y 


Dependent  variables 
u  I  v 


pump 

flow 

shaft  speed 

VA 

control  pressure 

supply  pressure 

a 

r 

Aerofoil 

angle  of  attack 

air  velocity 

pressure 


shaft  torque 


The  three  systems  have  a  basic  feature  in  common:  they  depend  on  two  flow 
like  and  two  pressure-like  variables.  There  are  differences  in  detail: 
for  the  aerofoil,  "air  velocity"  Is  idealized  as  "velocity  at  infinity  v  »> 
for  the  pump  or  the  VA  the  idealization  applies  instead,  to  the  pressures, 
which  must  be  measured  under  well-defined  conditions.  (Variables  approp¬ 
riate  to  fields  are  different  from  those  appropriate  to  networks). 

Also,  in  a  pump  the  shaft  and  the  pipe  connections  cannot  be  inter¬ 
changed,  so  although  it  has  two  energy-transmitting  ports  it  cannot  be 
represented  as  a  3-terminal  device.  Its  characterisation  is  therefore 
subject  to  fewer  "allocations"  of  variables. 

Consequences  of  Similarity 

When  similarity  prevails,  the  mapping  of  a  single  curve  in  the  x  y 


plane  is  sufficient  to  determine  the  mapping  of  all  points.  Characteris¬ 
ation  therefore  involves  three  functions  which  in  polar  form  are  fr,  f^ 
and  fs.  But  it  is  the  shape  of  these  functions,  not  the  magnitude,  which 
is  distinctive  since  the  effect  of  changing  r  is  easily  predictable  and 
is  the  same  for  all  devices  but  the  effect  of  changing  a  is  a  unique 
characteristic  of  a  particular  type  of  device.  It  is  therefore  convenient 
to  standardize  the  magnitude  in  some  way. 

Numerous  methods  can  be  devised;  for  example,  simple  graphical  tech¬ 
niques  result  from  plotting  virtually  raw  data  on  a  double  logarithmic 
flow-pressure  plane  as  described  in  Ref.  10,  For  more  general  use  it  J.s 
convenient  to  define  non-dimensional  characteristics  as  in  the  following. 


The  function  fa  is  dimensionless  already.  The  functions  fr  and  f„ 
can  be  represented  al  the  products  of  non-dimensional  functions  Fr  and  Fg 
and  certain  characteristic  reference  magnitudes  r  and  s  : 


f 
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r  F 


o  r 


f 
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s  F 
o  s 
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The  reference  magnitudes  rQ  and  sQ  can  be  defined  as  the  values  of  the 

functions  fr  and  fg  in  a  certain  selected  "non-dimensional  reference 

states"  denoted  by  a  and  0  . 

o  o 


Characteristic  Reynolds  and  Euler  numbers  (Re  and  Cp)  can  be  defined 
in  terms  of  rQ  and  s0.  Suppose,  for  example,  that  r  represents  flow  and  s 
pressure  and  d  a  characteristic  diameter  of  a  nozzle,  say: 


and  v 


li) 


A  resistance  coefficient  k  may  also  be  defined  which  can  be  used  to 
describe  the  effective  size  of  a  device  in  terms  of  the  fluid  variables: 


(7) 


k  is  simply  a  convenient  combination  of  other  more  basic  characteristics. 

Obviously,  non-dimensionalizatior.  is  a  further  source  of  artifici¬ 
ally  introduced  complexity,  however,  the  basic  characteristics  of  a  partic¬ 
ular  device  can  be  related  to  these  non-dimensional  functions: 

1 )  r  *  ro  Fr  (oc)  an  independent  constraint 

2)  =  fp(a)  a  characteristic  independent  of  F^ 

3)  s  =  sq  Fg  (3)  a  dependent  characteristic  ^ 

The  distinctive  characteristics  of  a  device  are  therefore  functions  of  a 
sin^e  va  'able  a,  and  there  are  certain  "invariant"  characteristics  fp  which 
are  incependent  of  the  artificially  imposed  constraints. 
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The  same  factors  can  be  observed  in  local  linearizations  which  can 
be  based  on  these  partial  differentials: 


33  c3  3$  3s 

da  dr  "Sa 


The  first  of  these  differentials  is  the  gradient  of  the  second 
is  zero,  the  third  can  be  put  in  terms  of  the  gradients  of  fg  and  Fs  and 
the  fourth  is  calculable  from  the  similarity  property.  p 


Relationship  to  Cartesian  Characterisation 

The  polar  relationships  emphasise  some  basic  features  but,  in 
general,  characteristics  are  most  useful  in  cartesian  form  plotted  on  a 
flow-pressure  plane. 


Consider,  for  example,  the  vortex  amplifier.  The  variables  are 
defined  in  Fig.  6  .  A  convenient  reference  state  is  when  qc  *  0,  and  con¬ 
straint:  eg  -  consJant  »  e  (represented  by  a  horizontal  line  in  the  x  y 
plane,  Fig.  5«)*  Non-dimen3ional  variables  may  be  defined  by 


(10) 


and  the  two  non-dimensional  characteristics  are  F  and  F  : 

s  c 

Q  -  F  (E  )  a  transfer  characteristic 

s  sc 

Q  =  F  (E  )  a  driving -point  characteristic.  (,*■) 

c  c  c 


These  functions  are  shown  in  Fig.  t . 

The  po^ar  functions  are  implicit  in  these  characteristics,  thus  E 
is  representative  of  a  since  Ec  *  cot  a,  also  cotp  -  Q  /Qg.  A  graph  ofcEc 
against  Qc/Qs  is  representative  of  the  invariant  function  f  a  .  The  partial 
differentials  can  similarly  be  inter-related  and  these  are  described  in 
Ref.  11 j  here,  however,  the  main  objective  is  large  signal  analysis. 


Performance  Parameters 

The  "large  signal"  properties  of  a  device  oan  be  concisely  given  by 
"performance  parameters"  defined  in  a  few  self-evidently  significant 
states.  The  turndown  ratio  T  and  control  pressure  ratio  G  of  a  VA,  def¬ 
ined  as  follows,  are  typical: 

Name  of  State  Q  Q  E  E 

s  c  s  c 

"Normal"  (N  in  Fig.  )  1  0  1  X 

"Vortex"  (V  in  Fig.  )  0  ^  1  G 

The  entries  in  the  table  denote  values  of  the  variables  non-dimensionalized 
in  terms  of  Qg  and  Eg  in  the  normal  state.  X  is  a  necessary,  but  less 
important,  characteristic  for  the  VA;  also  the  ratio:  T/G  is  an  important 
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"power  index". 

Z-states 

The  normal  and  vortex  states  are  "Z-states",  defined  when  all-but- 
two  terminals  carry  flow.  The  direction  of  flow  is  significant  so  a  3- 
terminal  device  has  Z-states. 

In  flow  control  circuits  it  may  be  necessary  that  all  devices  operate 
in  Z-states,  in  which  case  analysis  is  simplified  (see  Ref.  12.).  Further¬ 
more,  circuit  operation  may  still  be  calculable  if  fluids  of  different 
densities  flow  in  the  circuit. 

Parametric  Characterisations 

For  theoretical  or  computational  analysis  it  is  interesting  to  con¬ 
sider  various  constraint  functions. 

Consider  this  constraint  defined  in  terms  of  the  parameter  0: 

x  =  rQ  Sin  0  y  =  rQ  Sin(0  +  y)  (ll) 

This  is  an  ellipse  in  the  x  y  plane.  This  subjects  all  independent  vari¬ 
ables  to  the  same  sequence  of  magnitudes.  Furthermore,  a  change  in  0  by 
^  represents  a  re-orientation  of  the  device  in  a  ne.work.  This  suggests 
another  polar  coordinate  system  in  terms  of  0r  and  0s  in  which  3  radial 
axes,  one  for  each  independent  variable,  intersect  at  120°  as  shown  in 
Fig.  7.  The  constraint  is  then  a  circle  and  0  and  0  take  the  place  of  a 
and  (3.  If  the  zero-sum  allocation  of  variables  is  used,  certain  general 
characteristics  can  be  simply  stated.  For  example,  if  c ;  ■  0  or  0  -U  the 
device  is  lossless;  also  the  characterising  function  s  *  constant  (a 
circle)  represents  a  3-terminal  gyrator,  a  device  with  useful  general 
properties  described  later. 

Other  functions  can  be  considered;  for  example,  by  an  iterative  com¬ 
putation  the  independent  constraint  function  could  be  made  identical  to 
the  dependent  function,  i.e.  Fr  =  Fs.  It  could  be  argued  that  the  result¬ 
ing  function  is  least  dependent  on  changes  of  magnitude  (which  are  predic¬ 
table)  . 

Also,  for  each  device  there  may  be  a  particular  constraint  Fr  for 
which  the  characteristics  are  least  affected  by  change  of  Re. 

Data  Transforms  ..ions 

The  effect  of  changing  the  independent  function  can  be  determined  by 
a  "data  transformation". 

The  characteristics  can  be  regarded  as  a  list  of  operating  points 
and  the  basis  of  the  "data  transformations"  are  described  here  by  opera¬ 
tions  on  a  single  operating  point. 

The  most  important,  operation  represents  a  radial  shift  of  points  in 
the  x  y  and  u  v  planes  suecified  algebraically  by: 
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original  values 


new  values 


Suppose  the  "original  values"  correspond  to  characteristics  with  qa  ■ 
constant  -  q  and  the  "new  values"  are  required  for  which  eg  =  constant  = 
eQ.  The  multiplier  must  be  such  that  |i  ea  =  e0‘  This  ^multiplication  is 
carried  out  for  each  operating  point,  and,  as  a  result,  the  characteristics 
can  be  said  to  have  been  converted  from  an  impedance  format  to  an  admitt¬ 
ance  format.  To  regenerate  the  old  values,  p  is  defined  by  pqa  »  q  .  In 
the  parametric  representations,  p  is  a  function  of  both  qa  and  q^  or  ea 
and  eb. 

Other  operations  described  in  Refs.  U-  and  11.  determine  the  effect 
of  resistances  in  series  or  parallel  with  a  device. 

Circuit  Analysis 

These  types  of  relationship  apply  to  Eulerian  3-terminal  devices: 

1)  Linear  (Kirchhoffian) 

2)  Square-law  ("Eulerian") 

3)  Non-linear  (two  characterising  functions  of  one  variable,  c.g.  0. 
Only  relationship  (3)  is  different  in  different  devices. 

As  fluid  mechanics,  these  facts  are  unremarkable,  but  in  circuit 
analysis  they  are  highly  significant.  The  two  characterising  functions 
can  easily  be  stored  (or,  sometimes,  calculated  as  described  by  Wormley, 
Ref.  13.)  and  manipulated  by  computer.  For  example,  programs  have  been 
written  in  an  interactive  language  (FOCAL)  implementing  various  data  trans 
formations  which  analyse  circuits  siirply  and  indicate  the  degree  of  extra¬ 
polation  from  test  conditions  implied  by  the  analysis. 

Also  numerous  graphical  methods  can  be  devised  as  described  in 
Ref.  1*. 

Needless  to  say,  the  utility  of  this  generalized  analysis  depends  on 
the  availability  of  hardware;  this  is  now  discussed. 

The  Existence  and  Non-Existence  of  Basic  Network  Elements 

The  regenerative  elements  shown  in  Fig.  3-  are  equivalent  to  certain 
basic  network  elements;  the  diaphragm  is  equivalent  to  series  capacitance; 
the  pressure  amplifying  ram  is  equivalent  to  a  transformer.  These  two 
elements,  and  a  third  called  a  "gyrator",  are  frequently  desirable  but 
they  are  difficult  or  impossible  to  construct  without  using  moving  jarts. 
Their  elusive  character  can  be  explained  as  follows: 

Series  Capacitor 

A  rotating  ring  of  fluid  resists  conpression  "elastically".  Such  a 
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ring,  confined  in  a  cylinder,  would  act  as  an  elastic  membrane  separating 
a  central  terminal  from  a  peripheral  terminal. 

Unfortunately,  this  has  obvious  shortcomings. 

Pressure  Amplifying  "Transformer" 

The  essential  characteristic  of  a  flow  amplifying  transformer  is 
also  a  characteristic  of  a  jet-pump  as  indicated  in  Fig.  8.  But,  the  jet- 
pump  is  non-reciprocal:  it  cannot  be  used  as  a  pressure  amplifier. 

The  existence  of  a  complementary  device  to  the  jet-pump  is  discussed 
in  Ref.  1U.  and  it  is  concluded  that  it  must  depend  on  a  rotating  flow 
field  maintained  by  the  radial  spread  of  vorticity  from  a  central  lir.e- 
source.  At  increasing  radial  distance,  pressure  increases.  This  effect 
contrasts  with  that  in  a  jet-flow  in  wiich  flow" increases  at  increasing 
downstream  distance. 

A  practical  embodiment  of  this  effect  has  yet  to  be  demonstrated. 
Gyrator 

The  gyrator  is  a  two-port  element  by  which  the  roles  of  pressure  and 
flow  variables  are  interchanged.  For  example,  a  short-circuit  at  the  out¬ 
put  port  is  "seen"  as  an  open-circuit  in  the  input  port. 

As  a  3-terminal  element  it  has  a  flow-pressure  modulating  function 
which  is  basic  in  the  same  way  that  certain  logic  functions  are  basic 
(e.g.  NOR,  NAND,  etc.)  i.e.  a  large  number  of  flow  control  networks  can  be 
synthesised  with  gyrators  alone.  It  is  therefore  a  desirable  element. 

In  a  vortex  flow  the  orthogonal  relationship  of  tangential  velocity 
and  radial  force  is  a  "gyrational"  effect  and  as  Paynter  Ref.  9.  has 
emphasized,  it  is  strongly  apparent  in  the  characteristics  of  turbo¬ 
machines.  The  effect  is  also  available  to  fluidics  but  peripheral  jets 
seem  to  be  the  only  practicable  source  of  vorticity  and  these  jets  are 
therefore  subjected  to  the  vortex-generated  pressure.  This  is  analogous 
to  an  inevitable  feedback  which  dominates  the  otherwise  gyrator-like  qual¬ 
ity  of  vortex  devices.  (A  simple  model  vortex  device  is  represented  in 
Table  2.  by  a  gyrator  plus  losses  and  feedback).  Clearly,  a  range  of 
devices  is  needed  since  no  single  one  corresponds  to  the  ideal  represented 
by  the  gyrator. 

Two  Distinctive  Fluid-Dynamic  Phenomena 

Despite  the  elusiveness  of  "Pressure  amplification",  there  is  great 
scope  for  the  evolution  of  new  devices  and  in  this  context  these  two 
effects  are  noteworthy: 

1)  Jet-pump  action  occurs  in  many  fluidic  devices  and  this  distinguishes 
them  from  simple  electronic  elements.  The  effect  can  be  re-stated: 
a  jet-pump  can  only  be  represented  by  interconnected  branch-elements 
if  one  of  these  is  "active"  (i.e.  acts  as  a  pump). 
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2)  Non-reciprocity  is  idealized  mathematically  in  the  gyrator,  physically, 
however,  it  is  strongly  apparent  in  the  difference  between  sink-flow 
into  a  nozzle  and  jet-flow  from  a  nozzle  as  emphasized  by  Walkden, 
ReTTt  . 

Development  and  Classification  of  Devices 

The  development  of  new  devices  can  be  guided  by  some  criteria  which 
may  be  stated  concisely  in  terms  of  the  0-0  parameters.  (9  being  used  to 
denote  a  flow  state,  and  0  for  pressure) . 

It  is  desirable  to  have  devices  which  are  efficient  for  a  wide  range 
of  0.  The  angular  difference  between  9  and  0  is  a  measure  of  inefficiency 
and  over  certain  ranges  of  9  the  "best  device"  is  the  one  for  which  this  is 
least.  So,  for  operation  over  such  ranges,  optimality  is  easily  defined, 
but,  for  operation  over  a  wider  ranpe  covering  the  "territory"  of  several 
devices,  no  simp'e  generalization  can  be  made. 

A  characteristic  operating  range  (of  0)  may  also  provide  a  form  of 
classification  of  devices,  for  example:  a  jet-pump  belongs  to  the  class 
of  devices  which  carry  out  a  useful  function  even  when  their  "range"  of 
operation  is  confined  to  a  single  value  of  0. 

It  would  be  premature  to  carry  out  an  elaborate  "classification"  at 
present  but  the  list  of  comparative  performance  parameters,  shown  later, 
is  a  step  towards  this  objective. 

Special-Purpose  Flow  Control  Devices 

Some  special-purpose  devices  are  next  described.  Their  names  empha¬ 
size  their  specific  role,  thus  a  "reverse  flow  diverter"  is  like  a  vent 
but  must  have  very  special  properties.  In  many  cases  the  devices  were 
constructed  from  a  "kit  of  parts":  diffusers,  housings,  nozzles,  etc. 
and  further  development  would  be  justified.  Also,  planar  and  axi-symmetric 
configurations  can  be  considered. 

Some  devices  result  from  "merging"  two  existing  devices  to  obtain  a 
beneficial  interaction. 

Only  the  basic  "9-dependent"  characteristics  are  described.  Eulerian 
similarity  certainly  prevails  over  a  useful  range  but  the  detailed  effects 
of  Re  variation  have  not  been  determined.  "Pressure"  represents  total- 
pressure  measured  at  points  where  the  dynamic  component  is  small  compared 
with  the  greatest  terminal  pressure  difference. 

In  the  following  "port"  means  pipe-connection  (i.e.  "terminal"). 

Flow  Junction  (FJ,  Fig*  9*  and  28.) 

The  FJ  is  a  symmetrical  Y- joint  specially  designed  for  high  effici- 
ciency  in  the  two  Z-states  when  flow  enters  ports  a  or  b  and  all  emerges 
from  port  o.  Characteristics  are  shown  in  Fig.  10.  with  qa  constant. 
Non-dimensional  variables,  denoted  by  capitals,  are  defined  in  terms  of 
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the  values  of  e  and  qa  in  the  Z-state  for  which  q^  ■  0.  A  single  per¬ 
formance  parameter  E  is  defined  as  e^'e  in  this  state.  It  is  advanta¬ 
geous  for  E  to  be  large  and  the  best  value  so  far  is  .^7 . 

For  a  symmetrical  device  the  characteristics  apply  also  when  a  and 
b  are  interchanged,  also,  as  a  consequence,  characteristics  for  which 
Q0  >  2  are  redundant.  The  parameter  E  applies,  therefore,  to  two  states. 

Reverse  Flow  Diverters  (RFDs)  Fig.  11. 

RFDs  operate  in  a  "forward"  and  a  "reverse"  state;  in  the  reverse 
state,  flow  in  one  port  is  reversed  and  the  flow  path  through  the  device 
is  different  from  that  in  the  forward  state. 

Several  types  of  RFD  can  be  constructed  to  suit  different  circuits. 
Some  of  these  are  shown  in  Fig.  11.  The  desired  performance  of  each  type 
can  be  described  in  terms  of  the  performance  parameters  A,  B  and  C  as 
defined  in  this  table. 


Type 

State 

qa 

qb 

e 

a 

eb 

X 

Forward 

1 

1 

1 

A 

Reverse 

0 

-1 

-C 

B 

A 

Forward 

1 

1 

1 

A 

Reverse 

0 

-1 

C 

B 

R 

Forward 

1 

1 

1 

A 

Reverse 

-1 

0 

-B 

-C 

For  all  RFDs,  A,  B  and  C  are  positive  pressure  ratios  between  0  and  1; 
also  A  should  be  large  and  B  should  be  small. 

X-type  RFD 

In  this  RFD,  the  pressure  at  port  a  should  be  low  in  the  reverse 
state,  this  simplies  that  C  should  be  large.  These  requirements  are  con¬ 
sistent  with  this  hypothetical  application: 

A  pump  supplies  flow  to  a  pressure  vessel  via  an  X-RFD  operating  in 
the  forward  state;  if  the  pump  fails,  the  RFD  diverts  the  reverse  flow 
from  the  vessel  without  impeding  it  but  without  applying  back-pressure  to 
the  pump. 

It  may  be  useful  in  certain  alternator  circuits  and  several  designs 
were  tested  by  Holmes  (Ref.  2.).  Ir,  two  of  these,  swirling  flow  and  recov¬ 
ery  in  a  radial  diffuser  was  used  as  a  diverting  mechanism  (not  an  impeding 
one) . 

Typical  values  of  the  performance  parameters  are 

A  ■  .1*1  B  -  .22  C  a  .3 

however  improved  designs  could  undoubtedly  be  made. 
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Alternator  Type  RFD 

This  RFD  is  useful  in  alternators  and  the  pressure  at  port  a  should 
be  high  in  the  reverse  state  so  C  should  be  large.  An  axi -symmetric 
design  is  shown  in  Fig.  11  (without  swirl  vanes);  the  radial  diffuser 
helps  to  reduce  pressure  loss  in  the  reverse  state.  The  design  and 
characteristics  of  an  effective  device  are  given  in  Ref.  2.,  typical 
performance  parameters  are 

A  ■  .  B  -  .145  C  -  .15 

Rectifier  Type  RFD  (Fig  11.) 

This  RFD  is  useful  in  rectifiers;  in  the  reverse  state  the  pressure 
at  port  b  should  be  high  implying  that  C  should  be  small.  It  consists 
basically  of  two  diffusers;  for  optimum  performance  in  Z-states  the 
diffuser  consituting  port  b  should  be  the  larger  of  the  two. 

Characteristics  non-dimen3ionalized  in  terms  of  the  forward  Z- 
state  are  shown  in  Figs.  12.  and  13*  The  forward  Z-state  occurs  when 
Q  =  1  in  the  forward  characteristics,  and  the  reverse  Z-state  occurs 
when  Q  *  1  in  the  reverse  characteristics .  The  best  parameters  measured 
so  far  are 

A  =  .49  B  =>  .19  C  -  .01 

Symmetrical  R  Type  RFD 

An  R-RFD  with  equal  diffusers  is  useful  in  rectifiers  and  pumping 
circuits  but  it  is  not  primarily  intended  for  Z-statc  operation  and  its 
Z-state  parameters  are  worse  than  those  of  the  R-RFD.  The  two  diffusers 
can  be  regarded  as  two  rather  inefficient  diodes  but  when  they  are  em¬ 
bodied  in  the  R-RFD  they  interact  so  that  their  diode-like  action  is 
enhanced. 

Jet-Pump-Diode  (JPD)  Fig.  lb. 

The  JPD  (see  Ref.  11.)  is  a  merger  of  a  jet-pump,  designed  like  an 
R-RFD,  and  a  diode.  It  is  not  intended  for  Z-3tate  operation  but  it  is 
able  to  operate  at  nodes  b  and  c  in  rectifiers  (see  Fig.  18.)  and  may  be 
compared  with  two  interconnected  diodes. 

Coanda-Switched-Vortex  Device  +  A  Type  RFD  (CSVRFD)  Fig.  lb. 

The  CSVRFD  is  a  specially  designed  vented  CSV  created  by  merging  an 
A-RFD  into  the  outlet  of  the  vortex  chamber  of  a  CSV.  1  is  not  primarily 
intended  for  Z-state  operation  but  it  C\*n  be  used  at  nodes  b  and  c  in 
alternators . 

Only  moderate  performance  has  been  proven  but  no  special  development 
has  been  carried  out. 

Reverse  Flow  Vortex  Amplifier  (RFVA)  Fig.  15* 

The  RFVA,  described  in  Refs.  15,  1 4,  17,  is  a  VA  designed  to  give 
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minimum  resistance 

to  fl ow  passing 

the 

wrong  way  through  it. 

It  is  use- 

ful  in  the  branches 
defined  by 

of  rectifiers; 

its 

Z-state  performance  parameters  are 

State 

Q 

Q 

E 

E 

a 

c 

a 

c 

Normal 

1 

0 

1 

-X 

Vortex 

1 

"  T 

1 

T 

-1 

G 

T,  G,  (1-X)  and  the  ratio  T/G,  have  the  same  significance  as  for  the  VA. 

It  can  be  expected  that  comparable  values  can  be  achieved  for  the  RFVA. 

Vented  RFVA  Figs.  15.  and  28. 

The  swirling  control  flow  can  be  extracted,  with  some  pressure 
recovery,  from  the  RFVA  by  adding  a  vent  in  the  form  of  a  radial  diffuser. 
A  main  stream  can  therefore  be  halted  without  a  large  volume  of  control 
fluid  entering  the  system  and,  in  principle,  with  the  least  loss  of  energy. 
In  this  respect,  the  vented  RFVA.  is  potentially  superior  to  other  compar¬ 
able  sub-circuits  in  which  control  flow  is  substituted  for  main  flow. 

(This  applies,  by  analogy,  to  vented  VAs). 

The  main  attributes  of  this  device  have  been  proven  but  further 
development  would  be  worth  while. 

Vortex  Amplifier  +  A-RFD  (RFDVA)  Figs.  H.  and  21. 

The  RFDVA  is  a  specially  designed  vented  VA  created  by  merging  an 
A-RFD  and  a  VA.  A  usefully  effective  design  is  described  in  Ref.  15.  but 
it  could  be  improved  by  incorporating  a  well  designed  VA  section  (such  as 
Saunders'  design  Ref.  18.). 

Two  Parallel-Connected  Turr-up  Vortex  Amplifiers  (Fig.  17.) 

A  special  type  of  vortex  amplifier  can  be  constructed  in  which  con¬ 
trol  flow  cancels-out  a  vortex  which  is  normally  created  by  the  main  flow. 
Two  such  "tum-up  vortex  amplifiers"  can  be  connected  in  parallel,  as 
proposed  by  Boucher  et  al  (Ref.  19.)  to  form  a  3-terminal  sub-circuit  with 
uniquely  useful  characteristics.  The  combined  devices  can  be  used  at  one 
node  in  alternator  circuits  and  for  this  application  the  following  char¬ 
acteristics  are  important: 

when  the  pressure  at  terminal  a  is  high,  the  resistance  to  inflow 
at  b  is  low  (and  vice-versa  when  a  and  b  are  interchanged)  outflow  is 
from  o. 

Comparative  Performance  Parameters 

The  "large-signal  performance  parameters"  of  several  devices  in  one 
or  two  operating  states  are  listed  in  Table  2 .  Each  row  describes  a 
single  operating  point  in  terms  of  variables  nor.-dimensionalized  in  terms 
of  reference-state  values.  For  each  device,  the  reference  state  is  the 
first  state  listed.  The  objective  is  to  show  concisely  the  relationship 
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between  flow  and  pressure  states,  so  the  zero-sum  format  is  used  for 
subscripts  and  signs. 

Certain  parameters  have  the  same  significance  and  the  same  ideal 
values  for  all  devices  as  indicated  here:  T  (*o) ,  A  and  E  (1),  B  (o)  and 
G  (1  or  less,  less  implies  pressure  amplification). 

Ideally  for  flow  control  applications  a  range  of  devices  should  be 
available  which  generate  useful  pressure  states  at  various  pairs  of  Z- 
states  but  because  "pressure  amplification"  is  unattainable  this  cannot 
entirely  be  achieved.  The  last  four  fluidic  devices  listed  in  Table  2. 
are  subject  to  this  restriction  but  they  represent  those  devices  which 
come  closest  to  the  ideal. 

Included  also  in  the  table  are  the  distinctive  characteristics  of 
the  ideal  transformer  and  gyrator. 

Alternators  and  Rectifiers 

These  circuits  can  be  considered  separately,  since  they  are  only 
connected  at  two  points  in  the  regenerative  circuit.  They  have  an  inter¬ 
esting  dual  relationship  which  may  be  observed  in  two  electronic  circuits 
a  U-diode  bridge  rectifier  and  an  inverter  (i.e.  alternator)  using  four 
semiconductor-controll^d-rectifiers  (TRIACs).  The  corresponding  fluidic 
devices  are  diodes  and  CSVs  but  the  dual  relationship  extends  to  other 
devices  as  shown  in  this  list. 


Class  No. 

Alternator  Types 

Rectifier  T^pes 

1 

Coanda-Switched  Vortex  Device 

Diode 

2 

Vortex  Amplifier 

Reverse  Flow  Vortex  Amplifier 

3 

Bistable  Amplifier 

Flow  Junction 

ho 

A-type  Reverse  Flow  Diverter 

R-type  Reverse  Flow  Diverter 

$ 

CSV  RFD 

Jet  Pujiq?  Diode 

6 

2-Parallel  Connected 

Turn-up  Vortex  Amplifiers 

Symmetrical  R-type 

Reverse  Flow  Diverter 

Integrated 

Circuits 

Vented  Bistable 

Amplifier 

and 

Pressure-Switch 
(Rimmer,  Ref.  20.) 

Integrated  FJ-2-RFD 

Rectifier 

and 

Reciprocating  Jet-r,ur5> 

(Walkden,  Ref. 6  .) 

Other  devices  can  be  conceived  by  merging  the  listed  devices;  the 
integrated  circuits  represent  the  end  result  of  certain  mergers.  One  of 
these,  described  by  Rimmer,  Ref.  20.,  is  notable  because  it  has  a  very 
small  pressure  loss. 

The  devices  are  classified  with  a  number  to  faciliate  a  concise 
listing  of  basic  circuits  from  which  any  such  mergers  may  be  considered. 
The  circuit  list  represents  different  allocations  of  devices  to  the 
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nodes  and  branches  of  the  [(-terminal  lattice  network  shown  in  Fig.  18. 

A  steady  pressure  difference  occurs  across  terminals  a  and  d  and  alter¬ 
nating  pressure  across  b  and  c.  The  circuit  represents  an  alternator  or 
a  rectifier  according  to  which  types  of  devices  are  used. 

Circuit  NODES  BRANCHES  Notable  for 

Number  a  b&c  d  1  &  2  3&U 


1 

1 

1 

ii-diode  rectifier 

2 

1 

2 

3 

2 

1 

h 

2 

2 

U-VA  Alternators 

5 

3 

h 

Simple  no-leakage 

rectifier 

6 

3 

6 

FJ -Symmetrical-R-RFD 

rectifier 

7 

5 

JPD  pumping  circuits 

8 

3 

1 

FJ-2-Diode  rectifier 

9 

3 

2 

10 

k 

2 

RFDVAs  for  efficient 

alternators 

11 

6 

1 

12 

6 

2 

List  of  Alternators  and  Rectifiers 


Only  symmetrical  circuits  with  3ome  special  practical  or  academic 
significance  are  listed.  An  infinite  number  of  circuits  could  be  made  by 
parallel  or  series  combination  of  the  listed  circuits  and  devices,  but  it 
can  be  'uspected  that  some  of  these  are  redundant.  Hence,  there  is  scope 
for  theory  to  investigate  the  suspicion. 

The  main  characteristics  of  the  circuits  can  be  expressed  in  terms 
of  "supply"  and  "load"  variables  denoted  by  subscripts  s  or  L.  Also  the 
efficiency  T]  is  important:  T)  =  e,  qT/e  q 

b  b  s  s  2  /rO 

and  a  load  resistance  coefficient  k^:  k^  ■*  e^/q^  * 

Branch-Element  Circuits 

The  effectiveness  of  circuits  of  type  1,  using  four  diodes  or  CSVs, 
depend  entirely  on  the  performance  parameter  T  of  the  devices.  For  a 
fixed  load,  1c ,  there  is  an  optimum  size  for  all  four  devices  in  order 
to  maximise  trie  efficiency.  The  maximum  efficiency  rj  and  the  optimum 
size  ratio  denoted  by  K  are  functions  only  of  T  as  shown  in  Fig.  19.  K 
is  the  low-resistance-state  resistance  coefficient  divided  by  kL.  The 
flow  ratio  Q-]  plotted  in  Fig.  19-  represents  the  flow  leaking  past  the 
load  via  one  of  the  high  resistance  devices  divided  by  q^;  2  Q1  repres¬ 
ents  the  total  leakage. 
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The  maximum  value  of  T  for  current  CSVs  is  about  5  and  the  corres¬ 
ponding  value  oft)  (2$$)  represents  a  very  poor  alternator.  The  potential 
efficiency  of  rectifiers  however  is  much  better,  but  as  one  would  expect, 
high  efficiency  is  paid  for  in  increased  complexity:  the  best  diodes 
appear  to  be  "cascade"  diodes  (employing  a  series  of  swirl  vanes  in  a 
pipe)  and  even  using  four  of  these,  it  seems  that  an  efficiency  of  50$ 
would  be  difficult  to  achieve. 

McGuigan  and  Boucher,  Ref.  21.,  have  obtained  results  for  a  recti¬ 
fier  using  h  vortex  diodes  which  had  a  measured  T)m  equal  to  30$  and  a 
potential  r,m  (at  high  Reynolds  number)  of  about  U0$. 

In  this  type  of  rectifier,  leakage  must  always  occur  for  all  prac¬ 
tical  designs  of  the  diodes  so  it  cannot  be  used  directly  in  the  heat 
exchanger  circuit,  however,  it  has  a  characteristic  which  makes  it  suit¬ 
able  in  pumping  applications  when  the  load  may  be  unknown  or  varying: 
when  q,  diminishes  to  zero  the  value  of  e^  increases  steadily  to  within 
a  small  fraction  of  es.  The  circuit  serves  as  a  "fluid  coupling  with  a 
high  stall  torque". 

Controlled  Rectifiers  with  No-Process -Fluid  Leakage 

By  adding  tee-joints  on  either  side  of  each  diode  in  circuit  1  and 
supplying  a  suitable  set  of  control  flows,  the  "leakage  flow"  in  each 
high-resistance  branch  can  be  substituted  by  control  flow.  The  circuit 
therefore  offers  no  leakage  path  for  process  fluid. 

Here,  it  is  useful  to  represent  the  circuits  by  rectangle  diagrams 
(see  Refs.  22.  and  23.)  as  shown  in  Figs.  20.  and  21.  The  height,  width 
and  area  of  each  rectangle  represent  the  pressure-drop,  flow  and  power- 
loss  in  each  branch  of  the  circuit.  The  circuit  in  one  state  together 
with  the  rectangle  diagram  is  shown  in  Fig.  21 .  and  it  is  interesting  to 
note  that  the  missing  "corners"  of  the  diagram  indicate  that  it  has  a 
potentially  higher  efficiency  than  the  original  U-uiode  circuit.  An 
efficient  control  circuit  would  be  needed  to  take  advantage  of  this. 

The  two-tee-joint-diode  combinations  can  be  replaced  by  vented 
RFVAs  and,  with  well  designed  devices,  both  zero-effective-leakage  and 
high  efficiency  (at  least  50$)  may  be  expected.  The  control  flow 
circuitry  is  a  complication  but  it  would  allow  a  degree  of  "adaptation" 
to  take  place  to  cope  with  varying  load,  (in  order  to  maintain  the  no¬ 
leakage  condition) . 

Alternators  using  Vortex  Devices 

The  alternator  of  circuit  U  consisting  of  four  VAs  is  of  practical 
importance  because  an  T]m  of  about  50$  can  be  expected  with  current 
devices.  This  estimate  is  based  on  Z-state  analysis  described  in  Ref.  3. 
It  would  appear,  however,  that  a  well  designed  RFDVA  would  yield  a  simpler 
out  efficient  circuit.  Two  RFDVAs  are  needed  and,  in  fact,  circuits  equi¬ 
valent  to  this,  using  two  vented  VAs,  have  been  investigated  by  other 
workers . 
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Flow  Junctions  in  Rectifiers 


An  FJQcan  be  located  at  node  a  and,  if  it  is  the  correct  size,  and 
if  the  load  is  fixed,  the  leakage  in  the  upstream  branches  of  the  recti¬ 
fier  can  be  eliminated.  Another  attribute  is  that  the  FJ  is  much  simpler 
than  the  branch  elements  which  it  can  replace  so  it  is  interesting  to 
determine  the  effect  of  this  replacement  solely  in  terms  of  efficiency. 

A  simple  example  is  described  next. 

Redundancy  of  Circuits 

The  FJ  is  comparable  to  two  other  devices  shown  in  Fig.  9:  1)  a 

two  diode  tee-joint  (DT)  and  2)  an  FJ  with  diodes  connected  in  series 
with  its  upstream  terminals  (FJD).  By  comparing  the  invariant  functions 
of  each  of  these  devices,  some  of  them  can  be  shown  to  be  redundant  under 
certain  conditions. 


A  suitable  representation  of  the  invariant  function  is  a  plot  of 

0  '"*q 

—  against  —  and  this  is  shown  for  the  FJ  and  for  the  DT  (with  various 

diodes  characterised  by  T)  in  Fig.  22.  Only  symmetrical  DTs  are  con¬ 
sidered  and  their  characteristics  are  calculated  assuming  deal  square- 
law  resistance  with  T  representing  the  forward-reverse  flow  ratio  with 
a  constant  pressure  drop. 

The  corresponding  invariant  function  for  the  FJD  can  be  put  in 
terms  of  those  of  the  DT  and  the  FJ : 


where  K  = 

The  factor  K  depends  on  the  characteristics  of  the  DT  and  the  FJ, 
and  on  the  relative  sizes  of  the  diodes  and  the  FJ .  This  means  that  a 
range  of  FJD  devices  can  be  constructed  by  changing  the  relative  size  but 
the  value  of  eo/ea  for  the  FJD  must  always  lie  between  the  values  of  this 
ratio  for  the  DT  and  the  FJ.  As  the  diodes  are  made  relatively  smaller, 
so  their  characteristics  predominate  in  the  FJD;  if  the  DT  had  been  con¬ 
nected  in  parallel  with  the  FJ  instead  of  the  series  connection  the  oppo¬ 
site  effect  would  have  occurred. 


The  redundancy  of  these  circuits  can  now  be  stated: 

For  a  fixed  operating  point-pair,  denoted  by  a  single  value  of 
qo/qa,  an  FJ  or  a  DT  should  be  chosen  according  to  which  has  the  higher 
value  of  e0/ea>  Under  these  conditions  a  device  such  as  the  FJD  is 
redundant . 


When  a  range  of  operating  points  must  be  covered,  an  FJD  may  be 
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useful.  A  judicious  choice  of  relative  diode  size  may  yield  an  FJD 
optimally  matched  to  the  operating  range. 

Comparison  of  the  characteristics  on  Fig.  22.  shows,  in  particular, 
that  the  FJ  is  superior  to  all  diodes  for  q^/q  >  1  >  over  this  range  it 
exhibits  the  transformer-like  action  which  is  the  special  "active"  feature 
of  fluid-dynamic  circuit  elements.  This  type  of  analysis  shows  that  it  is 
advantageous  to  use  an  FJ-2-diode  rectifier  (Circuit  8)  rather  than  a 
U-diode  rectifier  if  T  for  the  diodes  is  less  than  about  8. 


Comparison  of  Diode-Tee-Joint  and  a  Symmetrical  R-RFD 


The  invariant  function.*.  o£  the  RFD  and  the  comparable  diode-tees  age 


In  this  representation, 


shown  in  Fig.  23.,  in  terms  of  -X  against 

®X  qX  "x 

should  be  as  small  as  possible  and  it  is  obvious  that  the  embodiment  of 
the  diffusers  into  the  RFD  yields  significantly  better  characteristics  than 
the  equivalent  "diode"-tee  using  conical  diffusers  (for  which  T  is  about 

2.5). 


The  FJ-Symmetrical-R-RFD  Rectifier 

This  circuit  (No.  &  .)  shown  in  Fig.  2U.,  is  the  simplest  with  which 
to  describe  some  useful  techniques  of  design  and  analysis. 


Analysis 


The  characteristics  of  the  circuit  can  be  determined  by  using  the 
data-transformations  to  put  the  FJ  and  RFD  characteristics  into  a  suitable 
form.  These  steps  indicate  the  method. 


D 


2) 

3) 


The  topology  of  the  circuit  means  that  a  particular  hybrid  format  is 


needed.  A  suitable 

allocation  of  variables 

is: 

x  independent 

y 

u 

dependent  v 

FJ 

% 

e 

a 

qa 

e 

0 

RFD 

V 

e 

X 

qs 

e 

y 

Circuit 

qL 

e 

6 

qs 

eL 

The  characteristics 

are  put  into  the  desired 

format. 

A  suitable  con- 

straint  is  y  =  constant  *  e  . 

9 

For  each  value  of  q.  (equal  to  qQ  for  the  FJ  and  q  for  the  RFD)  find 
e^  and  q3  by  summation: 


eT  ■  e  -  e 
L  o  y 


Graphs  of  Pj  and  qs  against  qL  constitute  the  main  circuit  characteris¬ 
tics.  At  a1  certain  value  of  q.,  the  efficiency  will  be  maximum  for  a 
given  circuit;  repetition  of  the  procedure  for  different  relative  sizes 
of  FJ  and  RFD  would  enable  an  overall  optimum  circuit  design  to  be  found. 
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Optimum  Circuit  Design 

The  circuit  with  maximum  efficiency  can  be  determined  solely  by 
considering  the  invariant  functions  of  the  two  devices  as  shown  here: 


The  efficiency  can  be  expressed  in  terms  of  the  device  variables  by 


*n  - 

Noting  that  e  - 

3 


r\  = 


qo  (eo  “  ey} 

ea  tqa  +  V 


e  and  q  *  q 
x  o  ^y 

(fs.iV!* 

V  e  e  i  •  q 
'a  x  /  ^no 


(15) 


(It) 


Hence,  T]  has  been  put  explicitly  in  terms  of  the  ratios  which  constitute 
the  invariant  functions  and  so  T]  can  be  regarded  basically  as  a  function 
of  the  two  dimensionless  flow  states  of  the  FJ  and  RFD.  By  partial 
differentiation,  the  optimum  states  can  be  put  in  terms  of  the  gradients 
of  the  invariant  functions.  The  resulting  maximum  efficiency  is  about 
28%  with  current  devices. 


Circuit  5 

Vented  Bistable  Amplifier  Alternator 

The  devices  constituting  this  circuit  can  be  merged  to  form  a  fami¬ 
liar  form  of  Alternator:  a  vented  bistable  amplifier.  The  potential 
efficiency  of  an  un-merged  circuit  operating  in  Z-states  with  no-leakage 
is  simply  determined  as  explained  in  Ref.  2.,  T)  equal  to  2h%  was  feasible. 
A  measured  maximum  efficiency  of  2fc%  was  obtained  for  a  demonstration  cir¬ 
cuit  not  confined  to  Z -state  operation.  It  is  to  be  expected  that  by  a 
careful  merger  of  the  three  devices  a  more  efficient  integrated  circuit 
would  result. 


No-Leakage-Rectifier  (FJ-2-RFD  Rectifier),  Fig.  25. 

This  rectifier,  supplying  a  fixed  load,  can  be  designed  for  Z-state 
operation  (with  no-leakage)  and  it  simultaneously  can  have  a  relatively 
high  efficiency  as  determined  here. 

Z-State  Analysis 

Consider  a  unit  flow  passing  through  the  circuit.  The  resulting 
pressures  are  indicated  in  Fig.  25.  in  terms  of  the  RFD  performance  para¬ 
meters  and  the  unknowns  e  ,  e  ,  and  e,  .  By  summing  pressures  in  Fig.  25. 

s  a  L 

eg  -  1  +  B  eg  -  A  +  C  eL  =  eQ  -  C  (IF) 

By  definition  for  the  FJ  E  *  eQ/ea  (18) 

so  the  circuit  efficiency  is  given  by 
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This  inplies  an  efficiency  of  38.4%  using  current  devices. 

Integrated  FJ-2-RFD  Rectifier 

By  merging  together  the  two  RFDs  and  the  FJ,  the  second  diffusers 
in  the  RFDs  can  be  eliminated  and  increased  efficiency  can  be  expected. 

A  planar  form  of  this  integrated  circuit  is  shown  in  Fig.  24.  An  optimum 
circuit  would  have  rounded  channels  but  since  a  planar  device  is  very 
simply  constructed  it  is  worthwhile  determining  a  good  planar  design. 

A  prototype  planar  rectifier  was  tested  and  yielded  the  character¬ 
istics  shown  in  Fig.  27.  The  supply  flow  qs  is  constant,  the  reference 
state  is  when  the  load  flow  is  zero  and  dimensionless  variables  denoted 
by  capitals  are  derived  in  terms  of  es  and  q  in  this  state.  The  effici¬ 
ency  is  3h%  at  the  zero-leakage  point  (Q^  ~  T)  and  the  peak  efficiency  is 
about  37%  at  a  slightly  reduced  load  flow. 

An  improved  planar  rectifier,  shown  in  Fig.  28.  and  undergoing  deve¬ 
lopment,  has  a  peak  efficiency  of  U0%. 

An  air  powered  liquid  circulating  pump  using  a  planar  rectifier  and 
a  vented  bistable  amplifier  is  shown  in  Fig  .2  9. 

A  range  of  rectifiers  can  be  considered  which  depend  on  similar 
principles  as  shown  in  Fig.  2*.  This  includes  a  3-phase  rectifier,  which 
avoids  the  discontinuous  acceleration  occurring  in  2-phase  rectifiers, 
and  Walkden's  reciprocating  jet-pump  which  represents  the  end  result  of 
merging  the  FJ-2-RFD  rectifier. 

Conclusions 

New  flow  control  devices  and  useful  theoretical  insight  have  resulted 
from  the  study  of  regenerative  circuits.  The  theory  has  been  based  on 
ideal  similarity  in  steady-state  networks.  This  involves  the  very  simplest 
fluid  mechanics  but  it  has  useful  and  interesting  consequences  in  the 
design  of  flow  switching  circuits.  When  exact  similarity  does  not  prevail, 
analyses  based  on  the  ideal  still  describe  effects  which  largely  predomi¬ 
nate  in  many  real  systems.  If  these  are  not  calculable,  they  obscure  the 
really  distinctive  features  of  a  particular  device. 

The  fluid  devices  can  be  combined  to  form  many  types  of  flow  and 
power  control  circuits  and  in  particular  a  range  of  regenerative  circuits 
are  feasible  and  could  be  applied  to  furnace  systems  or  the  pumping  of 
"difficult"  fluids. 
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Figure  Captions 

Fig.  No. 

1  Regenerative  network. 

2  Regenerative  circuit  used  as  a  pump  for  toxic  liquids. 

3  Mechanical  regenerative  elements. 

U  3-terminal  element  and  variables. 

5  Polar  representation  of  characterisation. 

6  Typical  cartesian  characteristics  of  a  vortex  amplifier. 

7  Indefinite  parametric  characterisation  for  Eulerian 
3-terminal  devices. 

8  Active  property  of  transformers  and  jet-pumps. 

9  The  flow  junction  and  related  synthetic  devices. 

10  Characteristics  of  a  flow  junction. 

11  Reverse  flow  diverters. 

12  Forward  characteristics  of  an  R-RFD. 

1 3  Reverse  characteristics  of  an  R-RFD. 

1U  Typical  merged  devices. 

15  Diode-like  active  branch  elements. 

1 6  Reverse-flow-diverting  vortex  amplifier  (RFDVA) . 

17  Parallel  connected  turn-up  vortex  amplifiers  (Boucher  et  al). 

18  It-terminal  network  representing  alternators  and  rectifiers. 

19  Optimum  characteristics  of  [(-diode  and  li-CSV  bridge  circ«if> 

20  Bridge  circuit  and  rectangle  diagram. 

21  h-aiode  rectifier  with  no  process -fluid  leakage. 

22  Comparison  of  a  flow  junction  and  equivalent  diode-tees. 

23  Comparison  of  a  symmetrical -R-RFD  and  equivalent  diode-tees. 

2h  Flow-juncticu-symmetrical-R-RFD  rectifier. 

25  FJ-2-RFD  rectifier  shown  operating  with  one  unit  of  flow 
and  no  leakage. 

26  Integrated  fluidic  bridge-rectifier  circuits. 

27  Characteristics  of  a  planar  integrated  FJ-2-RFD  rectifier. 

28  a)  Rev jj-se-f low-diverting  vortex  amplifier  b)  Vented  reverse 
flow  vo  oex  amplifier  c)  Flow  junction  d)  Integrated  planar 
FJ-2-RFu  rectifier. 

29  a)  Regenerative  circuit  consisting  of  a  bistable  amplifier, 
two  A-type  RFDs,  two  vortex  diodes  and  a  flow  junction 

b)  Air-driven  liquid  pumping  circuit  consisting  of  a  vented 
bistable  amplifier  and  an  integrated  planar  rectifier. 

Both  circuits  controlled  by  a  fluidic  oscillator. 
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FIGURE  1.  REGENERATIVE  NETWORK 
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FIGURE  5  POLAR  REPRESENTATION  OF  CHARACTERIZATION 


FIGURE  6  TYPICAL  CARTESIAN  CHARACTERISTICS  OF  A  VA 
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FIGURE 7  INDEFINITE  PARAMETRIC  CHARACTERIZATION  FOR 
EULERIAN  3-TERMINAL  DEVICES 


figures  ACTIVE  PROPERTY  OF  TRANSFORMERS  AND  JET  PUMPS 
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REVERSE  FLOW  DIVERTERS 
FIGURE  11 
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REVERSE  CHARACTERISTICS  OF  A 


FIGURE  14 
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FIGURE  16 
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PARALLEL  CONNECTED  TURN-UP 
VORTEX  AMPLIFIERS  [Boucher  etdj 

FIGURE  17 
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4-TERMINAL  NETWORK  REPRESENTING  ALTERNATORS  AND  RECTIFIERS 

FIGURE  II 
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DIODE  RECTIFIER  WITH  NO  PROCESS  FLUID  LEAKAGE 
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FIGURE  23 


FIGURE  24 
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RECTIFIER  SHOWN  OPERATING  WITH  ONE  UNIT 
AND  NO  LEAKAGE 


NON-DIMENSIONAL  LOAD  FLOW  0L 

FIGURE  27.  CHARACTERISTICS  OF  A  PLANAR  INTEGRATED  FJ-2  RFD  RECTIFIER 
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REGENERATIVE  CIRCUIT  CONSISTING  OF  A  BISTABLE  AMPLIFIER, 
TWO  A-TYPE  RFDi,  TWO  VORTEX  DIODES  AND  A  FLOW  JUNCTION 
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goncfpthal  models  Fnn  Firm  logic  networks 


AR.VTLACT 

Conceptual  models  arc  important  to  control  designers  because  the 
"model"  in  rcallv  a  definition  or  visualization  of  thp  problem.  The 
problem  definition  usually  dictates  the  solution  method;  and  this  is 
especially  true  for  switching  networks.  This  paper  describes  existing 
conceptual  models  for  fluid  logic  networks  and  points  out  that  the  use 
of  one  of  these  models  provides  an  opportunitv  for  the  development  of 
new  fluidic  devices. 


INTRODWCTION 

A  common  statement  among  design  engineers  is  that  a  problem  well 
defined  is  already  half  solved.  However,  because  of  the  emphasis  placed 
on  analysis,  an  inexperienced  designer  often  makes  the  mistake  of  plung¬ 
ing  into  a  problem  solution  without  first  carefully  defining  what  the 
problem  should  be.  Definition  is  highly  important  because  it  usually 
establishes  the  solution  method  to  be  followed.  Sometimes,  the  best  way 
out  of  an  impasse  is  to  simply  redefine  the  unsolvahle  problem  into  one 
that  can  be  solved. 

In  controls  work,  conceptual  models  are  used  to  help  define  and 
visualize  problems.  For  example,  in  modern  control  theory,  the  "state 
space"  model  is  used  to  mathematically  represent  continuous  control  sys¬ 
tems. 


Models  are  also  used  in  defining  digital  control  systems.  A  digital 
system  processes  information  consisting  of  physical  quantities  constrained 
to  have  only  discrete  values.  These  quantities  are  called  variables  or, 
more  often,  signals.  Most  digital  systems  work  with  signals  which  take 
on  only  two  discrete  values.  Such  signals  are  termed  as  binary. 

Switching  circuits  or  networks  perform  the  logical  functions  re¬ 
quired  in  digital  svste  <s.  This  paper  describes  the  conceptual  models 
which  are  available  to  help  define  logic  networks  using  fluidic  devices. 


GENERALIZED  SWITCHING  NETWORK 

A  generalized  switching  network,  is  indicated  by  Figure  1.  The  x's 
collectively  represent  a  set  of  binary  input  signals  and  the  z's  repre¬ 
sent  a  set  of  binary  output  signals.  If  there  are  n  input  signals,  the 
set  of  input  signals  mav  be  thought  of  as  an  ordered  n-tuple  or  vector 
consisting  of  n  binary  variables.  When  all  of  the  variables  are.  in  a 
stable  condition  (not  changing),  at  some  time  interval  i,  then  the  n- 
tuplc  may  be  represented  bv  the  input  state  vector,  x^.  The  stabilized 
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k-tuple,  consisting  of  the  k  output  variables,  can  similarly  he  repre¬ 
sented  at  time  interval  i  by  the  state  vector  "z^. 


x 

x 


1 

2 


x 


n 


Switching 

Network 


*1 

*2 

*k 


Figure  1.  Generalized  switching  network. 


A  switching  network  with  input  terminals  and  output  terminals 
accepts  a  time  sequence  of  input  states  and  as  a  result,  produces  a  time 

sequence  of  output  states.  When  the  input  state  at  time  i  uniquely 

determines  the  output  state  at  time  i,  for  every  i,  the  network  is 

called  combinational.  That  is,  the  output  state  is  always  a  function  of 

the  combination  of  input  variables.  However,  if  the  output  state  "zj 
depends  not  only  on  x^,  hut  also  on  previous  input  states,  the  network 
is  called  sequential.  The  sequential  network  must  possess  a  logical 
memory,  enabling  it  to  keep  a  record  of  what  has  happened  preceding  the 
time  Interval  i.  If  a  clock  pulse  is  not  used  to  synchronize  the 
switching  operation,  the  sequence  is  called  asynchronous. 

Fluid  logic  networks  almost  always  operate  in  the  asynchronous 
mode.  Synchronous  operation  is,  in  general,  not  feasible  because  of 
the  difficulty  in  generating  suitable  clocked  pulses  and  the  problem  of 
maintaining  pneumatic  pulse  shapes  as  the  signals  travel  through  the 
transmission  lines.  Then  too,  many  processes  are  ideally  suited  for 
control  by  asynchronous  fluid  logic  networks. 


COMBINATIONAL  NETWORKS 

The  combinational  network  is  adequately  represented  by  Figure  1. 
Output  equations,  expressed  in  Boolean  algebra  notation,  are  easily  ob¬ 
tained.  The  main  task  in  designing  combinational  networks  is  to  mini¬ 
mize  the  complexity  of  the  output  equations;  and  is  readily  accomplished 
through  the  use  of  Karnaugh  maps  or  by  tabular  techniques. 

Or  :e  minimized  equations  are  obtained,  the  physical  network  can  be 
Implemented  by  replacing  the  Boolean  algebra  connectives  with  fluid 
logic  gates  which  perform  such  functions  as  "ANT)",  "OR",  "NOT",  "NOR", 
and  "NAND". 
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SEQUENTIAL  NETWORKS 


As  previously  stated,  output  equations  for  a  sequential  network 
cannot  be  obtained  by  simply  combining  Input  signals  as  in  the  manner 
of  combinational  networks.  Memory  must  be  Included,  and  the  synthesis 
problem  la  generally  regarded  as  much  more  difficult. 

Two  basic  approaches  may  be  taken  In  defining  the  sequential  prob¬ 
lem,  and  conceptual  models  are  used  to  help  In  the  visualization. 


PSEUDO-COMBINATIONAL  MODEL 

This  approach  effectively  converts  the  problem  from  sequential  to 
combinational  by  adding  auxiliary  Inputs  to  the  network.  These  aux¬ 
iliary  inputs  must  be  produced  by  the  switching  network  itself.  The 
chief  task  is  to  assign  the  minimum  number  of  auxiliary  Inputs  and  to 
obtain  equations  to  produce  the  assigned  inputs.  Once  this  Is  done, 
the  problem  is  reduced  to  that  of  minimizing  the  output  expression  in 
the  same  manner  as  for  combinational  networks. 

Two  equivalent  forms  of  this  model  are  used.  The  first  is  shown 
in  Figure  2.  Here,  the  network  Is  made  up  of  gate  elements  (AND,  OR, 

NOR,  etc.).  Memory  la  provided  by  inserting  delay  elements  In  the  feed¬ 
back  paths.  The  x’a  and  y's,  combined  together,  form  the  network  Inputs. 
The  system  may  now  be  treated  as  combinational,  because  for  each  unique 
input  combination,  or  state,  there  corresponds  one  and  only  one  unique 
output  state.  An  alternative  is  to  use  flip  flop  elements  for  the  memory 
function,  as  shown  in  Figure  3.  Ej_,  E2,  •••,  are  the  flip  flop  ex¬ 
citation  signals.  The  y's  are  the  flip  flop  output  signals  and  become 
Inputs  to  the  combinational  network. 


Level 

Outputs 


Figure  2.  Sequential  network  model. 
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Figure  3.  Sequential  model  with  flip-flop  memory. 


Methods  for  assigning  the  auxiliary  Inputs  and  for  obtaining 
Boolean  algebra  expressions  for  assigned  inputs  are  presented  in  numer¬ 
ous  modern  textbooks  on  switching  theory.  Marcus (l)1  has  a  clear, 
easy-to-follow  presentation.  Although  these  synthesis  procedures  were 
developed  for  electrical  and  electronic  switching  networks,  Fitch  (2) 
has  shown  that  the  procedures  can  be  applied  equally  well  to  fluid 
logic  networks.  Some  recent  papers  present  minor  variations  In  the 
method  of  assignment  of  auxiliary  inputs,  but  the  basic  approach  is  the 
same. 

The  synthesis  technique  associated  with  the  pseudo-combinational 
model  is  sometimes  called  the  "classical”  method  because  it  was  the 
first  procedure  which  was  totally  rational,  and  did  not  depend  on  in¬ 
tuition. 

While,  intuition  is  avoided,  the  classical  method  is  limited  in 
usage  by  the  number  of  variables  it  can  handle,  network  equations  are 
obtained  by  constructing  and  interpreting  a  series  of  rectangular 
matrices,  known  as  Karnaugh  maps.  These  maps  provide  a  cell  space  for 


'Numbers  in  parentheses  refer  to  references  a  the  end  of  this  paper. 
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each  possible  combination  of  the  input  variables.  Three  variables  call 
for  a  map  having  23  or  8  cells.  Four  variables  require  2*  or  16  cells, 
etc.  As  the  number  of  variables  increases  the  map  size  grows  exponen¬ 
tially.  After  5  or  6  variables,  the  maps  become  difficult  to  interpret 
and  digital  computers  must  be  used  to  aid  in  the  reduction. 


STEERING  GATE  MODEL 

This  model  of  a  sequential  network  is  made  possible  by  the  concept 
of  a  steering  gate  as  a  logical  memory  device.  The  steering  gate  is  a 
passive  device  without  an  output  of  its  own.  Its  function  is  to  direct 
or  distribute  an  incoming  signal  to  different  destinations  within  the 
network.  Its  role  is  much  like  that  of  a  switch  in  a  railroad  yard,  with 
the  train  being  thought  of  as  the  signal  to  be  directed. 

The  steering  gate  is  also  called  a  "Y-gate"  because  it  acts  as  a  "Y" 
in  the  signal  path  and  can  direct  the  signal  in  either  one  of  two  direc¬ 
tions.  Figure  4  is  a  symbolic  representation  of  a  Y-gate.  When  the  in¬ 
put  signal  x  is  absent,  the  gate  has  no  output.  That  is,  terminals 
labeled  xy  and  xy  both  have  t  logical  value  of  zero.  When  input  signal 
x  appears,  it  is  steered  in  one  of  two  directions,  depending  on  the  state 
of  the  Y-gate.  If  the  gate  is  in  the  set  state,  signal  x  will  cause 
terminal  xy  to  have  a  logical  value  of  1  while  terminal  xy  remains  zero. 
Conversely,  if  the  Y-gate  is  in  the  reset  state,  signal  x  will  cause 
terminal  xy  to  become  1  while  terminal  xy  remains  zero.  The  state  of  the 
gate  is  established  before  the  arrival  of  signal  x  and  the  state  is  not 
changed  again  while  signal  x  is  present. 


Reset 


Figure  4,  Steering  gate  symbol. 


A  signal  may  be  distributed  In  .ns  nany  directions  an  desired  simplv 
by  cascading  Y-gates.  Three-way  distribution  is  accomplished  bv  two 
Y-gates  as  shot>n  in  Figure  5.  Note  that  the  signal  output  labeled  xy^ 
is  independent  of  the  state  of  gate  Y2.  If  four  way  distribution  were 
required,  signal  xyj^  would  be  used  as  the  input  to  a  third  Y-gate, 

Yj.  In  general,  if  an  input  signal  in  to  be  distributed  in  n  direc¬ 
tions,  (n-1)  gates  are  needed. 


Input  signal 

Figure  5.  Three-way  signal  distribution  using  steering  gates. 


The  concept  of  the  steering  gate  has  permitted  the  formulation  of 
a  second  basic  model  of  the  generalized  switching  network.  Tills  model 
is  illustrated  in  Figure  6.  Note  that  onlv  the  input  variables  enter 
the  combinational  logic  section,  producing  discrete  input  vector  states 
that  depend  on  the  values  of  the  input  variables. 

Now,  the  switching  network  can  hr  defined  ns  a  memory  operator 
which  translates  the  input  vector  states  into  corresponding  output 
states  as  defined  by  the  machine  snecif ication.  If  the  specification 
is  combinational,  the  operator  simply  has  zero  memorv.  When  the  spec¬ 
ification  is  sequential,  the  operator  must  apply  memorv  modification 
to  those  input  states  which  do  not  produce  unique  output  states.  If 
an  input  state  alwavs  corresponds  to  a  unique  output  state,  then  the 
operator  will  perform  no  momor”  modification  on  that  input  state.  Only 
input  states  corresponding  to  multiple  output  stater.  ”111  receive  memory 
modification.  Thus  a  switching  network  mav  be  completely  combinational, 
completely  sequential  or  anvwhere  in  between. 
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Relatively  new  synthesis  techniques  are  used  to  derive  working  net¬ 
works  based  on  the  steering  Rate  model.  Reference  (3)  presents  a  method 
for  derivinR  network  equations  when  the  sequence  of  input  states  is 
constrained  to  always  occur  in  a  specific  order.  References  (4,  and  5) 
treat  the  case  where  alternate  transitions  between  input  states  are 
allowed  to  occur.  Since  Y-gates  and  their  switching  signals  can  be 
chosen  without  the  use  of  Karnaugh  maps,  the  procedures  are  more  direct 
and  it  Is  easier  to  synthesize  large  networks  than  with  the  classical 
method. 

References  (3,  4,  and  5)  also  show  how  Y-gates  can  be  made  from 
existing  fluid  logic  devices.  A  miniature  pilot  operated,  detented 
spool  valve  can  be  used  directly  as  a  Y-gate.  Also,  two  "AND”  gates 
combined  with  an  active  flip  flop  can  make  up  a  Y-gate.  A  third  way  is 
to  use  a  passive  flip  flop  cascaded  with  an  active  flip  flop;  but 
special  care  mu3t  be  taken  in  the  design. 

When  all  TIOR  logic  in  used,  the  steering  Rate  suffers  in  economy 
of  components;  for  it  requires  eight  NOR  gates  to  make  one  Y-Rate. 

There  is  a  real  need  to  develop  a  new  fluidic  Y-Rate  to  enhance  the 
attractiveness  of  using  the  steering  pate  model.  Perhaps  a  unit  con¬ 
sisting  of  3  Y-gates  In  cascade,  with  the  option  of  usinR  all  or  part  of 
it,  would  be  an  optimum  configuration. 


SUMMARY 

Basic  conceptual  models  of  fluid  logic  networks  have  been  presented. 
Designers  are  encouraged  to  become  familiar  with  these  concepts  and  the 
synthesis  procedures  associated  with  each,  in  order  to  achieve  maximum 
versatility  in  design  capability. 

The  model  selected  should  be  determined  by  the  complexity  of  the 
problem  and  by  the  hardware  to  be  used  in  implementing  the  network. 
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Fluidic  Threshold  Logic  -  State  of  tne  Art 
by 

Charles  A.  Martin 
General  Motors  Institute 
Flint,  Michigan 


Abstract 


The  state  of  the  art  of  fluidic,  threshold  logic  is  perhaps  more  de¬ 
veloped  than  is  conmonly  known.  Threshold  logic  is  not  just  another  tech¬ 
nique  used  to  simplify  the  complex  problem  of  digital  design.  It  is  a  new 
philosophy,  for  it  involves  not  only  the  mere  presence  of  a  signal  but  al¬ 
so  its  relative  strength. 

With  threshold  logic,  logic  functions  may  be  implemented  with  fewer 
gates  than  the  usual  AND,  OR/NOR  combinations.  Thus,  the  possibility 
exists  for  increases  in  system  speed  and  savings  in  equipment  by  the  proper 
use  of  threshold  elements. 

This  paper  will  summarize  the  present  state  of  development  of  fluidic 
threshold  logic  from  synthesis  to  implementation,  with  single  thresholds, 
variable  thresholds  and  multi-thresholds. 
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Introduction 


The  synthesis  of  digital  control  systems  involves  the  proper  intercon¬ 
nection  of  elementary  building  blocks  or  elements  to  realize  specific  out¬ 
puts  from  a  given  set  of  inputs.  Classes  of  elements  vary  in  richr“ss, 
that  is  in  the  ability  of  a  single  element  of  one  class  to  realize  more 
output  functions  than  an  element  of  a  poorer  class  from  a  given  set  of  in¬ 
puts.  One  class  of  elements  consists  of  AND,  OR,  and  NOT  gates.  Another 
richer  class  consists  of  NAND  and  NOR  elements.  A  still  richer  class  con¬ 
sists  of  THRESHOLD  ELB4ENTS. 

In  digital  fluidic  control  systems,  NOR,  OR,  and  sometimes  AND  gates 
form  the  usual  basic  building  blocks.  These  building  blocks  are  connected 
to  one  another  in  one  way  or  another  so  that  specific  combinations  of  sys¬ 
tem  ON- inputs  result  in  particular  ON-outputs,  such  as  in  the  construction 
of  adders,  counters,  etc.  With  these  blocks  or  elements,  any  digital  log¬ 
ic  function  may  be  implemented . 

This  approach,  however,  can  be  too  diffuse,  that  is,  it  accomplishes 
its  ends  with  too  many  devices  and  in  too  many  steps.  Long  ago,  manufac¬ 
turers  and  merchants  learned  that  the  weighing  of  small  objects  was  faster 
and  cheaper  than  the  counting  of  each  ore.  The  same  principle  is  used  in 
threshold  logic  and  with  threshold  gates. 

Since  the  logic  function  realized  by  a  single  threshold  element  is 
relatively  complex  in  comparison  to  that  realized  by  the  usual  AND,  OR, 
or  NOR  gates,  a  given  function  can,  in  general,  be  implemented  with  few¬ 
er  threshold  elements.  Thus,  the  possibility  exists  for  increases  in 
speed  ami  savings  in  equipment  by  the  proper  use  of  threshold  elements  in 
logic  circuits. 

Threshold  elements,  probably  the  most  potentially  powerful,  logic  el¬ 
ements  currently  being  studied  and  used  in  logic  circuits,  were  first  theo¬ 
retically  discussed  in  1943  by  McCulloch  and  Pitts  and  later  by  von  Neunann, 
with  emphasis  cn  reliability.  These  authors  regarded  such  logic  elements 
as  mathematical  models  of  neurons,  used  for  the  processing  of  neurological 
data  in  living  organisms  (Ref.  1  and  12).  Since  then,  logic  elements  based 
on  the  threshold  principle  have  been  used  in  both  electrical  and  fluid  cir¬ 
cuits. 

Threshold  elements  may  be  placed  in  three  general  categories: 

a.  Single  threshold  elements 

b.  Multi-threshold  elements 

c.  Variable  threshold  elements. 

Single  Threshold  Elements 

A  threshold  element  (T.E.)  is  a  device  with  at  least  one  two-valued 
output  and  a  number  of  two-valued  inputs.  Associated  with  each  input  is 
a  real  number  called  the  weight.  The  output  of  the  device  is  a  constant 
denoted  by  the  logic  value  ZERO  (off)  unless  the  weighted  sun  of  the  in¬ 
puts  equals  or  exceeds  a  real  number  called  the  threshold,  in  which  case 
the  output  assumes  a  distinctly  different  constant  value  denoted  by  the 
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logic  value  ONE  (on).  In  threshold  logic,  this  is  the  basis  for  the  def¬ 
inition  of  a  single  threshold  element  and  may  be  stated  as  (Ref.  1): 


n 


f  -  0 

iff 

T  >  I  W-X- 

(OFF) 

i-1  1  1 

n 

f  *  1 
(ON) 

iff 

T-jr* 

where  f  is  the  logic  function  realized 
T  is  the  threshold  value 
is  the  weight  factor 

x.  is  the  logic  input  values  for  the 
1  ith  terms,  1  or  0 

iff  means  "if  and  only  if'  (1) 

This  is  shown  graphically  in  Figure  1. 

The  sum  and  product  operations  used  in  Eq.  (1)  are  the  usual  arithmetic 
ones.  The  notation 

f  *  I  woe.  T  (2) 

i=l  1  1 

is  sometimes  used  to  represent  Eq.  (1).  The  function  f  may  also  be  thought 
of  as  a  Boolean-function  representation, 

f  -  F  (xi,x2f  ...  xn)  (3) 

in  \tich  the  value  of  the  function  is  expressed  in  terms  of  only  the  inde- 
pend  nt  variable  x^  and  the  Boolean  operators,  +,  OR;  •,  AND;  and  — ,  NOT. 

Figure  2  shows  diagranmatically  a  single  threshold,  threshold  element 
with  two  binary  inputs,  the  independent  variables  x.  and  xR,  and  a  single 
output. 

The  translation  from  the  function  representation  in  terms  of  thres¬ 
hold  notation,  Eq.  (2),  to  the  Boolean- function  representation,  Eq.  (3), 
is  straightforward.  The  problem  is  to  translate  from  the  Boolean- function 
to  the  threshold  representation. 

Milti-threshold  Ele^nts 

The  multi-thresnold  element  is  a  generalization  of  the  conventional 
threshold  element  in  which  k  thresholds  (k  =  1,  2,  3...),  rather  than  the 
usual  single  threshold,  are  used  to  separate  the  true  inputs  from  the  false 
inputs.  'Hie  following  is  a  definition  of  a  k-threshold  T.E.  (Ref.  2): 

n 

f  *  1  iff  T,  <  T  w.x. 

1  ~  i=l  1  1 

or  T2j  I  .Z  wixi  1  T2j+l  =  2>  3-”)  (4) 
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f  =  0  otherwise, 

where  n  is  the  total  nunber  of  inputs 

k  is  the  total  number  of  thresholds. 

The  multi-threshold,  threshold  element  with  a  nunber  k  different  thres¬ 
hold  levels  (Figure  3)  will  switch  ON  and  OFF  as  the  weighted  input  is 
increased.  A  iy  arbitrary  logic  function  can  be  realized,  theoretically, 
by  a  single  k-‘hreshold,  threshold  element  having  sufficiently  large  k 
(Ref.  2). 

Variable  Threshold  Elements 


The  variable  threshold  element  has  a  variable  threshold,  fixed  in¬ 
put  weights  and  a  variable  output  logic  funct.on  (Ref.  5).  The  output 
logic  function  is  variable  with  a  variable  threshold  element  because  as 
the  threshojd  is  varied  a  set  of  logic  functions  is  produced.  This  is 
best  demonstrated  with  an  example. 

In  Figure  2  is  shown  a  representation  of  a  single  threshold  element 
with  two  inputs,  xA  and  Xg.  If  some  arbitrary  value  of  an  input  control 
variable  q  is  chosen  to  be  a  basic  unit,  then  let  the  threshold  level  be 

set  at  Tq.  Let  the  weighted  input  wAxA  be  a  value  of  either  2q  or  0. 

Let  the  weighted  input  WgXg  have  a  value  of  either  lq  or  0.  Let  the  ele¬ 
ment  be  ON  when  the  input  is  greater  than  or  equal  to  Tq,  where  in  this 

case  we  set  1  ^  T  >  0.  When  wAxAis  0  and  WgXg  is  lq,  the  element  is  ON. 

When  WgXg  is  0  and  w AxA  is  2q,  the  element  is  ON.  When  w AxA  is  lq  and 
wAxA  is  lq,  the  element  is  ON.  When  wAxA  is  0  and  WgXg  is  0,  the  element 
is  OFF. 

A  truth  table  and  a  Karnaugh  map  will  be  used  to  see  what  function 
is  realized.  When  an  input  is  ON,  it  will  have  a  logic  value  of  1,  and 
when  OFF,  it  will  have  a  logic  value  of  0. 


XA 

XB 

Element  State 

f 

0 

0 

OFF 

0 

0 

1 

ON 

1 

1 

0 

ON 

1 

1 

1 

ON 

1 

The  function  realized  is  then  A  +  B,  A  OR  B,  (a  logic  OR  function). 

The  switching  setup  is  now  modified  by  increasing  the  element's  thres¬ 
hold  level.  Using  this  modification  with  several  threshold  levels,  the 
functions  that  will  be  realized  may  be  found  by  using  a  tabular  technique. 
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Threshold 

WAXA 

WBXB 

Element  Effective  Input 

T 

0 

0 

-T 

T 

0 

1 

1-T 

T 

2 

0 

2-T 

T 

2 

1 

3-T 

(In  the  form  of  a  truth  table  when  an  ON  condition  occurs,  the  effec 
tive  input  is  non -negative.) 

Let  the  threshold  be  set  so  that  2  •>  T  >  1.  Using  a  Karnaugh  map, 
it  is  seen  that  the  function  realized  is  then  logically  A. 

When  the  threshold  is  set  so  that  3  >  T  >  2,  the  function  generated 
is  then  AB,  A  AND  B,  (a  logic  AND  function).  If  the  threshold  is  more 
positive  than  three,  the  element  will  never  be  turned  ON,  f  =  0.  If  it 
is  negative,  the  element  will  never  be  OFF,  f  =  1. 

Thus,  by  varying  the  threshold  level,  one  two-variable  input  config¬ 
uration  can  realize  at  least  five  logic  functions.  If  the  output  comple¬ 
ment  is  also  available,  eight  different  functions  are  realized. 


Input  Weights 

Threshold  Values 

f 

f 

wA  =  2 

T  <  0 

1 

0 

WB  '  1 

0  <  T  <_  1 

A  +  B 

A  B 

1  <  T  <  2 

A 

A 

2  <  T  <  3 

A  B 

A  +  B 

3  <  T 

0 

1 

To  demonstrate  the  power  and  versatility  of  threshold  logic  elements 
a  two  input,  single  threshold  element  can  be  used,  ideally,  to  realize 
fourteen  of  the  sixteen  ..jgic  functions  that  it  is  possible  to  realize. 

It  cannot  realize  the  EXCLUSIVE  OR  function  or  its  complement. 

The  Threshold  Element 


Essentially,  a  threshold  element  consists  of  weights  with  correspond 
ing  binary  inputs  (which  may  be  OFF,  logic  ZERO,  or  ON,  logic  ONE)  a  de¬ 
vice  to  sun  each  input  weight -product  and  a  quantizer  to  dichotomize  tKe 
analog  sum  into  a  binary  output .  (See  Figure  4.) 

From  an  analysis  of  work  in  the  field,  there  seems  to  be  three  basic 
possible  approaches  to  weights  in  fluidic  threshold  logic  design. 

1)  Pressure:  Each  weighted  input  could  correspond  to  a  given  input 
pressure . 

2)  Restriction,  resistance,  flow:  Each  weighted  input  could  corre¬ 
spond  to  a  given  restriction  value  or  flow  value. 

3)  Momentum  flux,  jet  positioning:  In  this  method,  jet  streams  in¬ 
teract  so  that  the  resultant  stream  is  positioned  according  to 
relative  momentum  flux  strengths. 
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Figure  4.  A  threshold  logic  element 
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Figure  5.  Idealized  sunming  junction  model 
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"Sumnation"  may  be  acconplished  in  two  ways: 

A)  Continuity:  The  sum  of  the  mass  flows  into  a  fluid  junction, 
under  steady  flow  conditions,  is  zero. 

B)  Momentum  flux  vector  sumnation:  The  sun  of  the  input  momentun 
flux  vectors  equals  the  output  momentun  flux  vector. 

Of  the  sumnation  techniques  described,  "continuity"  is  perhaps  the 
most  useful  and  the  most  versatile.  With  this  approach,  a  manifold  sum¬ 
ming  chamber  is  used. 

The  first  question  that  may  come  to  mind  with  a  summing  chamber  is, 
what  is  it  that  is  being  summed?  Looking  at  the  basic  fluid  relations  of 
continuity  or  energy,  it  could  be  either  mass  flow  or  energy  flux.  Energy 
flux  is,  however,  a  function  of  mass  flow  and  the  total  mass  flow  is  a 
function  of  the  energy  losses.  Whatever  the  "actual"  sunned  parameter, 
since  all  fluid  control  devices  may  be  considered  pressure  controlled  de¬ 
vices,  pressure  may  be  considered  as  the  summed  parameter  in  the  summing 
chamber . 

Pressure  sumnation  in  a  manifold  type  chamber  is  generally  not  a  lin¬ 
ear  sumnation.  Fortunately  linear  sumnation  in  connection  with  threshold 
logic  is  not  necessary  and  in  many  situations  it  is  not  desirable.  All 
that  is  necessary  is  a  repeatable,  known  relation  between  the  pressure 
"sum"  (the  chamber  pressure)  and  the  inputs  present.  This  means  that  the 
variation  in  chamber  pressure  may  not  even  resemble  a  summation  in  the 
usual  sense.  However,  since  the  basic  intent  is  to  bring  together  or  sum 
the  input  signals,  the  term  "sum"  may  be  used  to  denote  this  intent. 

The  manifold  summer  is  a  versatile  device,  as  it  can  be  used  in  con¬ 
junction  with  dead  ended  input  devices  such  as  spool  valves,  or  with  flow 
input  devices  such  as  fluidic  units.  A  wide  variety  of  sunning  character¬ 
istics  may  be  obtained  by  varying  restriction  and  input  pressure  values 
and  relative  vent  conditions,  even  multi -threshold  characteristics  can  be 
obtained.  Figure  S  shows  an  idealized  manifold  summing  model.  Figures 
6  and  7  show  some  manifold  suiming  characteristics. 

fc/isting  Fluidic  Threshold  Elements 

Figures  8  through  11  show  examples  of  fluidic  devices  that  have  been 
used  in  a  threshold  logic  manner.  These  devices  will  now  be  examined  in 
light  of  the  past  discussion. 

In  Figure  8  is  shown  a  threshold  gate  which  consists  of  four  basic 
elements  (Ref.  3).  This  unit  has  three  sunning  devices.  Two  identical 
devices,  which  operate  on  somewhat  of  a  momentun  principle,  are  used  to 
sum  pressure  signals  on  either  side  of  a  proportional  amplifier.  The  pro¬ 
portional  amplifier  then  sums  the  two  summed  signals.  The  bistable  device 
is  the  quantizer. 

This  gate  which  was  used  as  a  single  threshold  element  in  a  fluidic 
binary  comparator  may  also  be  used  as  a  two  threshold  element,  if  the  pro¬ 
portional  amplifier  is  overdriven. 
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In  Figures  9  and  10  are  shown  examples  of  momentum  flux  operated  thres¬ 
hold  gates  (Ref.  4).  The  unit  in  Figure  9  realizes  a  one  threshold  func¬ 
tion  and  the  unit  in  Figure  10  realizes  a  two  threshold  function. 

Shown  in  Figure  11  is  probably  the  most  versatile  of  the  threshold 
units  (Ref.  10).  This  unit,  using  a  manifold  sunming  chamber,  can  be  made 
to  have  a  variety  of  characteristics.  It  can  be  used  to  realize  a  still 
undetermined  nimber  of  different  logic  functions.  It  can  easily  be  used 
in  a  variable  threshold  mode.  It  can  also,  with  proper  sunning  input  con¬ 
ditions,  be  used  in  a  multi -threshold  mode. 

Threshold  Logic  Synthesis 

As  stated  earlier,  the  problem  is  how  to  realize  the  threshold  repre¬ 
sentation  of  a  given  Boolean-function.  If  the  Boolean  function  is  real¬ 
ized  by  one  single  threshold  element,  this  is  not  a  difficult  problem 
(Ref.  8). 

For  the  synthesis  of  these  Boolean- functions,  the  first  thing  that 
must  be  done  is  to  limit  the  problem  to  one  of  single  thresholds.  This 
may  be  done  by  using  the  criteria  as  stated  by  Winder  (Ref's.  8,  12). 

Using  the  technique  outlined  in  Reference  8,  the  magnitudes  of  input 
weights  and  relative  threshold  values  may  be  easily  calculated.  The  keys 
to  this  method  are  the  application  of  the  definition  of  a  single  threshold 
function,  Eq.  1,  and  the  use,  for  weight  values,  of  a  base  number  raised 
to  integer  powers  N°,  N1,  N2,  etc.  N!  f  1. 

Conclusion 


Fluid  threshold  logic  offers  the  designer  a  new  tool  for  implementing 
control  systems.  Individual  threshold  gates  may  cost  more  but  they'll  pro¬ 
duce  savings  because  fewer  will  be  needed  for  specific  control  functions 
and  some  will  be  able  to  realize  different  functions  at  different  times, 
perhaps  resulting  in  further  circuit  simplifications.  It  is  hoped  that 
the  system  reliability  will  increase  and  the  price  will  decrease  with  the 
prudent  use  of  threshold  logic.  With  these  elements  previously  unusable, 
design  approaches  are  now  possible.  Threshold  logic  should  prove  to  be  a 
big  step  forward  in  fluidic  technology. 
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Figure  11.  A  four  variable,  single  threshold  logic  element  (Ref.  10). 
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The  authors  present  their  state  diagram  method  for  designing  fluidic 
sequential  feedback  control  circuits  of  the  fundamental  mode.  To  illus¬ 
trate  this  method,  two  hypothetical  systems  are  used.  They  consist  of  a 
series  of  events  characterized  by  the  piston  positions  of  some  double- 
acting  cylinders.  Each  extension  or  retraction  of  a  piston  provides  a 
feedback  signal  which  can  initiate  the  next  action  through  a  fluidic 
circuit.  If  different  control  signals  are  resulted  from  a  unique  com¬ 
bination  of  feedback  signals,  the  circuit  design  is  straight  forward. 
Otherwise,  secondary  variables  are  required  in  order  to  avoid  ambiguities. 
Two  kinds  of  ambiguous  pairs  are  defined  and  their  implication  in  ob¬ 
taining  the  secondary  variables  are  described.  When  a  sufficient  number 
of  secondary  variables  are  achieved  they  ai  shown  graphically  along  with 
the  feedback  and  the  contro.1  si  jnals  to  fore,  a  state  diagram.  On  this 
diagram,  "don't  cai.es"  and  bistable  conditions  are  identifiable  which, 
when  fully  utilized,  a  set  of  final  control  equations  for  circuit  implemen¬ 
tation  can  be  obtained.  Possible  signal  hazards  can  also  be  detected  from 
the  state  diagram. 

INTRODUCTION 


This  paper  presents  a  newly  developed  method  for  designing  fluidic 
sequential  feedback  control  circuits  of  the  fundamental  mode.  A  general 
model  of  such  a  circuit  with  feedbacks  is  shown  in  Figure  1.  In  this 
figure,  XI,  X2,..,  and  Xm  stand  for  external  control  signals,  or  the 
external  inputs;  LI,  L2,..,  and  Ln  express  the  feedback  signals,  or  the 
feedback  circuit  inputs;  Yl,  Y2,..,  and  Yp  indicate  the  secondary  variables; 
and  Cl,  C2 , . . ,  and  Cp  are  the  circuit  outputs,  or  the  control  signals.  If 
a  change  in  one  input  occurs  while  there  is  no  change  in  other  inputs  until 
the  transition  of  each  secondary  variable  and  each  output  signal  is  stabil¬ 
ized,  the  circuit  is  said  to  be  operating  in  the  fundamental  mode. 

To  illustrate  this  method,  two  hypothetical  systems  containing  a  series 
of  events  characterized  by  the  positions  of  two  pneumatic  (or  hydraulic) 
cylinders  are  used.  Each  extension  or  retraction  of  a  piston  provides  a 
feedback  input  signal  as  a  base  for  logic  decision  to  initiate  the  next 
action  through  the  fluidic  circuit  that  is  to  be  designed. 

When  an  operating  function  of  a  system  has  been  selected,  the  logic 
condition  of  each  feedback  signal  and  each  control  signal  at  every  state  is 
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determined.  A  logic  relationship  between  these  two  classes  of  signals  can 
be  established.  According  to  this  relationship,  a  control  circuit  may  be 
designed  by  using  the  feedback  signals  as  inputs  to  obtain  a  proper  control 
signal  for  each  state.  However,  if  there  are  two  states  in  the  operating 
sequence  which  possess  a  same  combination  of  feedback  signals  but  different 
control  signals,  a  secondary  variable  is  needed  to  differentiate  between  the 
same  appearance  of  the  ambiguous  feedback  combination.  These  two  states  are 
said  to  be  an  ambiguous  state  pair. 

In  this  method,  a  secondary  variable  is  obtained  by  set-reset  of  a 
flip-flop  element  with  a  pair  of  feedback  signal  combinations.  If  any  two 
states  in  a  system  possess  a  same  feedback  signal  combination  but  different 
control  signals,  these  two  states  are  called  an  ambiguous  pair  of  the  first 
kind.  If  two  states  with  a  same  feedback  combination  and  their  respective 
following  states  are  ambiguous,  they  are  called  an  ambiguous  pair  of  the 
second  kind.  A  secondary  variable  must  first  be  found  for  the  ambiguous  pair 
of  the  second  kind.  This  variable  together  with  the  feedback  signals  if  used 
to  set-reset  of  a  flip-flop,  another  secondary  variable  can  be  obtained  for 
the  ambiguous  pair  of  the  first  kind.  Now  with  the  aid  of  a  secondary 
variable  two  ambiguous  states  can  be  made  differentiable  between  each  other. 
Therefore,  if  enough  secondary  variables  are  obtained,  an  ambiguous  system 
may  become  non-ambiguous.  These  variables  are  then  shown  graphically  along 
with  the  feedbacks  and  the  control  inputs  as  a  state  diagram.  On  this  dia¬ 
gram,  "don't  carea"and  bistable  conditions  are  easily  identifiable  which 
when  fully  utilized  a  set  of  control  equations  for  circuit  Implementation 
can  be  obtained.  These  control  equations  may  be  combined  with  other  system 
requirements,  such  as  start  and  stop,  to  form  a  complete  circuit. 

ILLUSTRATIVE  EXAMPLES 


In  order  to  illustrate  the  synthesis  technique,  two  simple  control 
systems  involving  the  extension  and  retraction  of  two  pneumatic  cylinders 
are  provided. 

Each  system  requires  also  a  start  button  that  will  initiate  the 
operation,  a  stop  button  that  will  stop  the  operation  at  the  end  of  its 
cycle,  and  an  emergency  stop  which  will  halt  the  operation  immediately  and 
retract  both  cylinders  fully.  Assume  the  cylinders  are  double-acting,  the 
power  valves  controlling  the  cylinders  with  fluidic  interface  valves  con¬ 
nected  at  each  end  and  the  remainder  of  the  system  fluidic.  The  piston 
positions  are  detectable  by  fluidic  touch  sensors  which  are  installed  at 
the  extremes  of  the  piston  stroke.  When  a  sensor  is  tripped  by  each  exten¬ 
sion  or  retraction  of  a  piston,  it  delivers  a  feedback  signal  to  initiate 
the  next  action  through  the  fluidic  circuit  to  be  synthesized. 

A  schematic  diagram  of  the  hypothetical  system  is  shown  in  Fig.  2,  in 
which  we  have  used  Ci  for  control  signals  and  Li  for  feedback  signals. 

Example  1:  A  certain  industrial  automation  consists  of  two  pneumatic 
cylinders  which  will  perform  one  event  at  each  step  in  the  following  order: 

Step  1  Cylinder  2  extends 

Step  2  Cylinder  2  retracts 

Step  3  Cylinder  1  extends 

Step  4  Cylinder  2  extends 

Step  5  Cylinder  2  retracts 

Step  6  Cylinder  1  retracts 

Operation  begins  again  or  stops 


172 


Let  us  begin  with  the  formulation  of  a  table  of  the  logic  output 
form  for  the  complete  cycle  of  the  event.  From  the  table  we  may  in¬ 
vestigate  whether  additional  variables  are  required  in  order  to  identify 
each  unique  combination  of  outputs  for  certain  specified  Inputs.  In 
Table  1,  the  first  column  represents  the  state  of  event,  the  second 
column,  the  feedback  signal  combinations  and  the  third  column,  the 
appropriate  control  signal  for  initiating  the  next  action. 

The  function  of  control  signal  Ci  is  to  extend  or  retract  the 
piston  as  soon  as  it  receives  a  proper  feedback  signal  generated  fi  nn  the 
actuation  of  the  piston  movement.  From  columns  2  and  3,  a  relationship 
between  Ci  and  Li  can  be  found,  for  examples, 

C3  -  L1L3  at  state  0 

C4  »  L2L4  at  state  4 

By  examining  the  feedback  signal  combinations,  we  notice  that 
there  are  some  combinations  that  appear  more  than  once  during  the  whole 
cycle,  such  as  L1L3  at  state  0  and  2.  This  combination  will  activate 
C3  at  state  0  and  Cl  at  state  2.  However,  only  C3  is  permitted  to  go 
"on"  at  state  0,  while  Cl  must  be  "off";  in  the  same  manner,  Cl  must  be 
"on"  while  C3  must  be  "off"  at  state  2.  Same  situations  exist  for  L2L3 
at  states  3  and  5. 

Since  there  is  not  enough  Information  available  in  all  these  cases 
on  which  a  logical  decision  can  be  made,  secondary  variables  must  be 
Introduced  in  order  to  differentiate  each  of  these  appearances  of  ambiguous 
feedback  signal  combinations.  We  can  see  that  there  are  two  secondary 
variables  X  and  Y  present  in  column  4.  From  previous  definition,  these 
variables  are  used  to  differentiate  the  ambiguous  pairs  of  the  first  kind. 
With  these  new  variables,  one  can  obtain  a  new  set  of  relationships  be¬ 
tween  Cl  and  C3  as, 


C3  «  L1L3X  at  state  0 
Cl  -  LlL$T  at  state  2 
SECONDARY  VARIABLES 


A  way  to  generate  the  secondary  variables  is  through  the  use  of 
the  feedback  signals  to  set  and  reset  the  memory  flip-flop  elements. 

By  examining  the  condition  of  the  feedback  signals  at  each  state, 
along  with  the  required  condition  of  the  secondary  signals  at  certain 
states  (shown  by  the  solid  segments),  one  can  assign  a  pair  or  a  number 
of  pairs  of  set  and  reset  conditions  for  each  of  the  secondary  variables 
(as  shown  in  Fig.  3).  Once  these  conditions  are  assigned,  the  states  of 
secondary  signals  are  determined  after  connecting  the  solid  and  the 
dotted  segments. 

Frequently,  there  are  multiple  pairs  of  set  and  reset  conditions  which 
meet  the  requirement  of  each  secondary  variable.  And,  among  these  secondary 
variables,  there  may  be  some  redundancy,  i.e.,  variables  having  the  uame  out¬ 
put  forms.  These  variables,  often  referred  to  as  pseudo-equivalent  variables, 
should  be  combined  for  the  sake  of  circuit  simplicity.  In  this  example,  a 
variable  Z  can  meet  the  required  conditions  of  the  secondary  variable  X, 
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while  2  can  meet  the  required  condition  of  the  secondary  variav  e  Y. 

So,  we  can  reduce  two  variables  X  and  Y  to  simply  Z. 

STATE  DIAGRAM  AND  CONTROL  EQUATIONS 

The  secondary  variable  Z  can  be  combined  with  the  feedback  signals 
LI  and  L3  and  the  control  signals,  Cl,  C2 ,  C3,  and  C4  to  form  a  state 
diagram  as  shown  in  Fig.  4.  Since  L2  *  LI  and  L4  -  L3,  only  LI  and  L3 
are  needed  on  the  diagram.  For  the  control  signals,  solid  segments 
represent  the  required  conditions,  while  dotted  segments  stand  for 
the  "don't  cares." 

The  control  signal,  Cl,  requires  "on"  at  state  2  and  "don't  cares" 
at  states  3  and  4.  This  requirement  can  be  met  by  using  a  combination 
of  the  secondary  variables  and  the  feedback  signals  as  follows, 

Cl  -  L3Z  +  L1L3 

where  we  have  underlined  the  "don't  cares." 

Similarly,  control  signal  C2  must  be  "on"  at  state  5,  and  "don't  cares" 
at  states  3  and  4.  It  can  be  expressed  as, 

C2  -  L3Z  +  L1L3 

We  can  also  express  C3  and  C4  as, 

C3  -  LIZ  +  Liz 
C4  -  LIZ  +  LIZ 

The  foregoing  logic  equations  obtained  intuitively  can  also  be  obtained 
by  using  Karnaugh  Maps.  However,  for  a  problem  involving  more  than  six 
variables,  the  use  of  Karnaugh  Maps  becomes  rather  tedious  and,  therefore, 
not  recommended.  The  control  signals,  Ci ,  on  the  state  diagram  indicated 
that  if  each  control  signal  covers  not  only  the  "on"  conditions  but  also 
the  "don't  cares,"  then  there  exists  a  bistable  condition  between  Cl  and  C2, 
also  between  C3  and  C4.  There  are  three  possible  selections  for  Cl  and  C2 : 

(1)  Cl  -  L3Z 

C2  -  L3Z 

(2)  Cl  -  L3Z  +  L1L3 

C2  -  cl 

(3)  Cl  -  C2 

C2  -  L3Z  +  L1L3 

Also,  there  are  three  possible  selections  for  C3  and  C4: 

(1)  C3  -  LIZ  +  LIZ 

C4  -  LIZ  +  LIZ 
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(2)  C3  -  LIZ  +  LIZ 
C4  -  C3 

(3)  C3  -  C4 

C4  -  LIZ  +  LIZ 

Based  on  Che  criterion  of  using  minimum  number  of  componencs,  we  have  chosen 
the  first  selection  for  Cl  and  C2  and  the  third  selection  for  C3  and  C4  for 
circuit  implementation. 

START  AND  STOPS 


Since  the  system  requires  start,  stop,  and  emergency  stop  controls, 
they  must  all  be  integrated  into  the  circuitry. 

The  start  action  is  generated  by  activating  SI,  so  that  C3  will  be  on 
and  the  operation  begins.  The  start  pulse  is  also  used  to  set  the  flip-flop 
to  et sure  that  the  secondary  variable  Z  will  go  "on"  at  state  0;  therefore, 
every  operation  will  begin  at  state  0.  In  order  to  terminate  the  operation, 
we  may  deactivate  C3  at  state  0.  This  is  accomplished  by  using  the  start- 
stop  circuit  as  shown  in  Fig.  5.  The  control  signal,  C3,  can  then  be  ex¬ 
pressed  as 


C3  -  C4  (SI  +  Z) 

A  stop  pulse  which  can  turn  SI  to  "off"  will  terminate  the  operation  when 
it  reaches  the  0th  state. 

All  that  remains  to  complete  the  system  requirements  is  the  addition 
of  any  emergency  stop  button,  S2,  which  when  pressed  will  stop  the  cylinders 
movements  at  any  state  and  retract  all  cylinders  instantaneouslv.  This  is 
carried  out  by  using  a  flip-flop  to  activate  C2  and  C4.  The  logic  equation 
for  control  signals  are  now  changed  to 

Cl  =  LJZS2 

C2  -  L3Z  +  S2 

C3  =  C4  (SI  +  Z) 

C4  -  Ll^  +  L2Z  +  S2 

As  soon  as  C2  and  C4  are  activated,  the  respective  interface  valves  are 
energized  which  accordingly  will  retract  all  cylinders.  At  this  time, 
power  supply  to  the  /stem  is  ready  for  shut  down. 

PHYSICAL  IMPLEMENTATION 


The  final  control  equations  when  implemented  by  using  fluidic  elements 
is  as  shown  in  Fig.  6.  We  notice  that  the  bistable  characteristics  between 
C3  and  C4  has  been  utilized  in  the  control  equations. 

In  the  final  circuit,  all  components  except  that  of  interface  valves  and 
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cylinders  are  fluidic.  The  subcircuit  shown  in  the  dotted  enclosure  repre¬ 
sents  the  control  signals  generated  by  the  control  equations,  the  subcircuit 
above  the  enclosure  is  for  the  start-stop  controls,  while  the  subcircuit  on 
the  left  is  for  the  secondary  variables. 

Example  2:  An  industrial  operation  requires  the  action  of  two  pneumatic 
cylinders  according  to  the  following  steps: 

Step  1  Cylinder  2  exte  ds 

Step  2  Cylinder  1  extends 

Step  3  Cylinder  1  retracts 

Step  4  Cylinder  2  retracts 

Step  5  Cylinder  2  extends 

Step  6  Cylinder  1  extends 

Step  7  Cylinder  2  retracts 

Step  8  Cylinder  1  retracts 

Operation  begins  again  or  stops 

With  the  background  of  the  synthesis  technique  as  provided  in  Example  1,  we 
can  immediately  establish  Table  2.  Or  this  table,  three  secondary  variables, 
namely  X,  Y  and  Z  are  obtained  such  that  states  1  through  6  can  be  mau»  non- 
amblguou8.  Also,  from  previous  definition,  we  know  thf.t  the  states  2  and  6 
belong  to  the  first  kind  ambiguous  pair,  thus  make  states  1  and  5  an  ambiguou3 
pair  of  the  second  kind.  Also,  state  0  and  4  become  an  ambiguous  pair  of  the 
second  kind.  After  identifying  the  nature  of  each  ambiguous  pair  we  can  pro¬ 
ceed  to  find  the  set-reset  pairs  for  both  secondary  variables  X  and  Y  first 
before  employing  Y  to  obtain  secondary  variable  Z.  This  has  been  shown  in 
Fig.  7. 


It  must  be  mentioned  here  that  there  is  no  need  to  find  all  possible 
set-reset  pairs  for  secondary  variables  whose  function  is  to  differentiate  the 
ambiguous  pair  of  the  second  kind.  Also,  it  must  be  noted  tha :  there  are 
cases  in  which  more  than  one  additional  variable  must  be  sought  in  order 
that  they  may  be  employed  •'long  with  proper  feedback  combinations  to  obtain 
the  secondary  variable  for  differentiating  the  ambiguous  pair  of  the  first 
kind. 


We  shall 
and  secondary 
and  C4  (see 
equations  are 


now  form  the  state  diagram  from  the  feedback  signals  Li  and  L3, 
variables  X  and  Z  together  with  the  four  controls  Cl,  C2,  C3 
Fig.  8).  According  to  the  previous  process,  following  control 
obtained : 


Cl  -  L3X  +  L3Z 


C2  -  XZ  +  L3 


C3  -  X  +  LIZ 
C4  -  L1X  +  XZ 


Similar  to  that  in  Example  1,  we  shall  incorporate  the  start-stop  controls 
as  well  as  utilize  the  bistable  characteristics  between  Cl  and  C2,  also 
between  C3  and  C4  to  obtain  the  final  control  equations  as  follows: 

Cl  -  C2 
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C2  »  XZ  +  L3  +  S2 
C3  -  (X+L1Z)  S2  (Sl+Z) 

C4  -  (X  +  LIZ) 

The  fluidic  circuit  based  on  these  equations  are  shown  in  Fig.  9.  Again, 
the  subcircuit  in  the  dotted  enclosure  represents  the  control  signals; 
the  one  above  it  is  for  the  start-stop  controls;  while  the  subcircuit  on 
its  left  is  for  the  secondary  variables. 

POSSIBLE  SIGNAL  HAZARDS  AND  THEIR  REMOVAL 

Ey  having  the  state  diagram,  one  can  detect  all  possible  signal  hazards 
in  the  control  equations  before  he  proceeds  to  construct  the  circuit.  This 
is  done  by  examining  the  control  output  form  along  with  its  input  signal 
characteristics  on  the  state  diagram. 

There  exists  two  possible  signal  hazards  in  the  final  control  equations 
in  Example  1.  In  the  equation  for  Cl,  the  hazard  may  occur  between  states 
0  and  1,  while  n  C2  it  may  occur  between  states  3  and  4.  These  hazards  can 
be  removed  by  a  delay  of  Z  and  Z  respectively.  There  is  no  possible  hazard 
for  C3  and  C4. 

In  Example  2,  the  only  possible  hazard  is  located  between  state_3  and 
state  4  for  control  equation  C2.  It  can  be  r- moved  by  delaying  the  XZ  signal. 
The  delay  of  each  signal  as  stated  above  can  be  accomplished  by  sending  that 
signal  through  a  series  of  capacitor  and  resistor  prior  to  entering  its 
immediate  following  logic  element  as  an  input. 

CONCLUSION 


A  digital  circuit  synthesis  technique  using  the  state  diagram  is  pre¬ 
sented  ir  this  paper  by  example  of  two  simple  two-cylinder  systems.  This 
technique  provides  a  systematic  procedure  in  obtaining  the  rijiplified  final 
r  ntr^l  equations.  By  using  the  state  diagram,  a  circuit  designer  may  select 
proper  set-reset  conditions  to  reduce  the  number  of  the  secondary  variables 
needed,  he  may  detect  possible  circuit  hazards  as  well  as  visualize  the 
"don't  cares"  and  the  bistable  conditions  associated  with  the  control  vari¬ 
ables.  This  semi-graphical  method  pertains  not  only  to  fluidic  circuit 
synthesis,  but  is  also  equally  applicable  to  analysis  of  digital  feedback 
circuits  to  be  implemented  by  pneumatic,  hydraulic,  and  electronic  components. 
In  each  case,  considerations  must  be  given  to  relate  the  physical  character¬ 
istics  of  inputs  and  outputs  with  respect  to  the  equations  of  control  variables 
for  proper  system  implementation.  The  p^wer  supply  to  the  control  elements 
and  that  of  the  actuators  must  be  scaled  to  certain  required  levels  of 
operation. 

By  this  new  technique,  one  can  easily  identify  the  state  of  each  sigral 
on  the  state  diagram  so  that  he  can  obtain  the  final  control  equations  intui¬ 
tively.  When  the  complexity  of  the  system  increases,  the  complete  procedure 
of  our  outlined  technique  can  be  programmed  on  a  digital  computer  to  facili¬ 
tate  the  seeking  of  the  final  control  equations.  Therefore,  as  compared  to 
other  available  method;.,  this  technique  offers  in  addition  to  the  afore¬ 
mentioned  advantages,  a  means  for  designing  control  systems  of  varying 
degrees  of  complexity. 


177 


Table  1  Table  for  Determining  the  Requirement  of  Secondary  Variables 


State 

Feedback  Signal 
Combination 

Control 

Signal 

Secondary 

Variables 

0 

L1L3 

C3 

X 

1 

L1L4 

C4 

2 

L1L3 

Cl 

X 

3 

L2L3 

C3 

Y 

4 

L2L4 

C4 

5 

L2L3 

C2 

Y 

Table  2  Table  for  Determining  the  Requirement  of  Secondary  Variables 


State 

Feedback  Signal 
Combination 

Control 

Signal 

Secondary 

Variables 

0 

L1L3 

C3 

Y 

1 

L1L4 

Cl 

X 

2 

L2L4 

C2 

Z 

3 

L1L4 

C4 

X 

4 

L1L3 

C3 

Y 

5 

L1L4 

Cl 

X 

6 

L2L4 

Ch 

Z 

7 

L2L3 

C2 
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The  state  diagram  of  secondary  variables 
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g.  2  The  physical  arrangement  of  a  two-cylinder  system 


STATE  0 _ I  2  3  4  5 

VArIaBlY  -  '»3  H  1.3  2,3  2.4  2.3  SET 

X  - -  « -  L2L3(0R  S) 

I 

Y  - :  - - - - -  LIL3 

I 

2  - 1  r~'"~  '~'"1  ==  L2L4(0R  S) 


Fig.  3  The  state  diagram  of  secondary  variables 
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Fig.  4  The  state  diagram 
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Nomenclature 


A  work  in  eau.  (2.17) 

A  area 

a  aspect  ratio  *  h/b 

a  four  pole  parameters  in  equ.  (4.25) 
b  width 

c  speid  of  sound 

ca  spoed  of  sound  in  free  air 

C  capacitance 

Cpr  pressure  recovery  coefficient 

Cpn  ideal  pressure  recovery  coefficient 

Ck  resistance  coefficient  for  the  rectangular  duct 

Cp  specific  heat  at  constant  pressure 

c,,  specific  heat  at  constant  volume 

D  diameter 

Dnr  radial  damping  number 

e  mechanical  potential 

f  frequency 

f  friction  coefficient  in  equ.  (5.7) 

Fnr  radial  frequency  number 

G  conductance 

a  height 

.1  ,H  pressure  head  in  equ.  (2.16)  and  chapter  5*5  and  5-4 
k  correction  coefficient 

1  length 

L  inductance 

m  mass 

m  massflow  rate 

n  gas  process  constant 

P  power 

p  overpressure 

p  average  overpressure 

p*  absolute  pressure  ■  p  *■  Po 

p0  reference  pressure  (e.g.  atmospheric  pressure) 

Pr  Prandtl  number 

^  energy  factor 

r  dynamic  resistance 

H  resistance 

Re  Reynolds  numoer 

Rg  gas  constant  in  equ.  (2.15)  and  equ.  (5. 1C) 
s  entropy 

T  temperature  in  K 

t  time 

V  volume 

v  velocity 

H  complex  input  impedance 

x  coordinate 

Y  admittance 

y  coordinate 

z  coordinate 

Z  impedance 

Zo  surge  impedance 

Zi(J  surge  impedance  of  the  lossless  line 


u 


*1 

*L 

Pi 


l 

K 

\ 

\ 

V 

VT 

s 

T 

i>J 


angle 

attenuation  factor 
eigenvalue  in  equ.  (4.41) 
wave  number 
propagationf actor  ■  •* 
reflection  coefficient 
coefficient 
efficiency 
angle 

specific  beat  ratio  ■  Cp/cv 
wave  length 

loss  coefficient  in  chapter  3-3  and  3*4 

dynamic  viscosity 

kinematic  viscosity 

thermal  diffusity 

density 

propagation  time 
angular  frequency 
characteristic  angular  frequency 


Subscripts 


I 


a  adiabatic 

ap  apparent 

d,diff  diffuser 
e  effective 

fd  fully  developed 

i  internal 

irr  irreversible 
1  loss 

L  load 

lam  laminar 

m  mechanical 

n  nozzle 

Q  source 

s  sectional 

st  steady  state 

turb  turbulent 

v,v  viscous 
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Introduction 


Problems  of  signal  processing  in  fluidic  networks  are  very 
similar  to  those  in  electrical  communication  engineering, 
because  we  have  in  communication  engineering  excellent  methods 
for  treating  networks  it  is  convenient  to  modify  the  basic 
equations  of  flow  mechanics  and  thermodynamics  in  such  a  way 
that  it  is  possible  to  apply  tnose  me  :hode  to  fluidic  networks. 

Due  to  itc  linearity  electrical  circuit  theory  can  be  handled 
with  relative  ease.  The  equations  of  motion  in  flow  mechanics, 
however,  are  nonlinear,  involve  momentum,  temperature  and  tur¬ 
bulence  effects.  To  find  a  general  fluid  circuit  theory  therefore 
seems  to  be  hopeless. 

Ii  we  restrict  our  considerations  to  small  signals  the  problem 
turns  out  to  be  not  so  serious.  The  governing  equations  then 
can  be  linearized  tnus  admitting  a  linear  circuit  theory  for 
application.  The  most  important  step  therefore  will  be  to  derive 
equivalent  circuits  for  the  single  fluidic  components. 

For  dc-behaviour,  we  mostly  will  have  nonlinear  components  even 
if  compressibility  is  neglected.  The  linear  ac  equivalent  then 
is  derived  on  the  basis  of  small  changes  of  pressure  and  flow 
from  a  given  operating  point. 

Although  the  assumption  of  small  signals  restricts  the  appli¬ 
cation  to  fluid  circuits  it  seems  that  results  obtained  in 
optimizing  fluidic  circuits  are  promising. 

Anyway,  solving  the  set  of  fluid  equations  for  each  particular 
circuit  will  not  be  possible  or  at  least  extremely  cumbersome. 
Therelore  as  long  as  we  are  concerned  with  signal  processing  in 
fluidic  networks  a  small  signal  circuit  theory  will  be  of  great 
help.  In  this  case  the  whole  circuit  theory  of  communication 
engineering,  a  powerful  tool  for  complicated  system  design, 
will  be  available  to  the  system  engineer.  However,  tnis  will 
only  be  possible  if  we  make  use  of  equivalent  circuits,  where 
we  consider  the  peculiarities  of  flow  mechanics  and  thermody¬ 
namics.  He  may  not  forget  that  these  equivalent  circuits  are 
only  an  interpretation  of  the  basic  equations  under  certain 
assumptions . 


2._ _ The_electric-f  luidic_analogj 

In  order  to  describe  the  behaviour  of  fluidic  networks  using 
the  methods  of  communication  engineering  we  need  two  quantities 
analogous  to  current  and  voltage. 

Mass  flow  rate  m  as  analog  to  current  i  is  easily  found  because 
mass  flow  is  conserved.  The  node  theorem  in  fluidic  circuits 
therefore  will  be  2  ™  -  0  .To  find  an  analog  for  the  electric 
potential  is  more  difficult.  Mostly  the  pressure  d  is  taken  as 
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fluidic  potential.  The  advantage  is  that  it  can  easily  be 
measured.  But  the  Droduct  of  mass  flow  rate  and  pressure  does 
not  yield  a  power  term  directly.  In  order  to  find  a  compatible 
potential  Kirshner  (ref.l)  derived  a  mechanical  potential  out 
of  the  energy  equation.  He  finds  that  the  change  in  mechanical 
power  Pm  is  equal  to  the  change  of  entropy  along  a  streamline 

(2.1)  cLPm  =  ™  cl  (  j  ^  +  Y  )  =  "  jc^Strr  )  1 

For  convenience  in  measurement  the  pertinent  quantities  are 
averaged  over  the  cross-sectional  area.  The  losses  in  a  fluidic 
circuit  are  due  to  irreversible  process  the  working  medium 
undergoes . 

From  equation  (2.  l)the  mechanical  potential  is  found  as 

(2.2)  dc  -  ct  ( j  +■  “X")  . 

p*  is  denoted  as  absolute  static  pressure  and  p  as  pressure 
above  a  reference  pressure,  especially  above  atmospheric 
pressure  p0 .  This  mechanical  potential  can  also  be  enterpreted 
as  mechanical  energy  per  unit  mass.  In  a  lossless  duct  the 
mechanical  energy  per  unit  mass  is  constant.  This  is  expressed 
by  the  BSRNOULLI-law  for  a  nonuniform  duct  along  a  streamline 

(2.3)  Jj&  +  = 

The  BERNOULLI-law  therefore  expresses  that  the  mechanical 
potential  in  a  lossless  duct  does  not  change.  That  means  de  ■  C. 


2.1  The_mechanical_gotential_f or_incomgres8ible _or_low 
comgre8sible_f low 

For  incompressible  or  low  Machnumber  compressible  flow  the 
mechanical  potential  becomes 

p*  i/2 

(2.4)  e  =  Y  +  3-  • 

This  again  is  identical  with  the  BERNOULLI-law  for  incompressible 
flow 

(2.5)  £-*  +  —■  = 
f  Z 
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The  energy  per  mass  unit  is  found  to  be  the  sun  of  potential 
(?Yf)  and  kinetic  C*Vi)  energy  per  mass  unit.  In  a  lossless 
duct  the  sum  remains  constant  whereas  the  single  portions 
can  change  rather  strongly  depending  on  the  cross-sectional 
area . 

One  serious  disadvantage  of  the  mechanical  potential,  however, 
is  the  fact,  that  it  cannot  De  measured  directly.  It  trust  be 
calculated  out  of  pressure,  flow  and  density  measurements. 

For  ac  flow  this  will  be  rather  difficult,  because  pressure 
and  flow  in  general  are  not  in  phase. 

2 . 1 . 1  l'he_intergretation>_of  _the_BrJRNOULLI-law_by_an_eguivalent 
circuit 

To  avoid  these  measuring  problems  we  will  define  a  so  called 
cross-sectional  resistance  (ref. 2).  The  mechanical  potential 
can  be  written  os  follows 

Ca.s>  e-f 

If  we  only  use  the  pressure  p  es  fluidic  potential  we  can 
interpret  the  term  j’v2/*  ,  representing  the  kinetic  portion, 

as  pressure  drop  across  a  nonlinear  cross-sectional  resistance 


where  A  is  the  cross-sectional  area. 
*e  find  the  following  relation 

(2.6)  c  =  (  p*  +  /?,  ) . 


pcr  small  changes  the  dynamic  cross-sections!  resistance 


(2.9) 


$  A2 


must  be  taken  into  accc  nt 


(2.10  rlc  =  fUp* 


)  =  y(dp+  r 


As  long  as  the  pressure  variations  are  small  enough  to  neglect 
compressibility  we  can  use  the  pressure  p  as  fluidic  potential, 
if  we  take  into  account  th°  cross-sections  1  resistance. 
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The  expression  for  power  then  will  be 


(2.H)  =  Jr  ™  C  p*+  v*  l?^)  -  j  iv»  p^ 

where 

fyo  i  =  P*  +  ^ 


is  a  sort  of  source  pressure.  Pressure  p  will  be  equal  tO  hot 
if  the  massflow  rate  is  zero.  If  the  massflow  rate  increases, 
the  pressure  drop  across  the  cross-sectional  resistance 
increases,  so  that  p  decreases. 

Me  will  now  establish  the  equivalent  circuit  for  a  lossless 
nonuniform  duct  shown  in  Fig.  2.1. 

Referring  to  the  two  cross-sections  1  and  2  we  can  write  the 
BERNOULLI-lnw  as 

(2.12)  =P/  +  f-T  =  Put  = 

where  we  refer  p  to  the  atmospheric  pressure 


Introducing  the  cross-sectional  resistances 


(2.13)  Ru  = 


a.*cL  f?c,  •=• 


we  find  a  mesh  theorem 


(2.14)  />/  f  Kti  m  =  ft  +  RSI  w 

which  can  be  interpreted  by  the  equivalent  circuit  in  Fig.  2.2 
The  change  in  pressure  between  the  areas  1  and  2  becomes 

(2.15)  =  ^^S2-PSl). 

The  change  in  pressure  which  is  caused  by  a  change  in  cross- 
section  can  therefore  be  described  by  the  pressure  *  rop  across 
a  nonlinear  positive  resistance 

i?  =  ^ 

2 s*i 

and  a  nonlinear  negative  resistance 
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Fig.  2.1  Nonuniform  duct 


Fig. 2. 2  Interpretation  of  Bernoulli  law  by  a  network 


Fig. 2. 3  Interpretation  of  the  mechanical  potential 
by  a  network 


2-SA>Z  ' 


The  positive  resistance  is  responsible  for  the  pressure 
decrease  and  the  negative  resistance  for  the  pressure  in¬ 
crease. 


The  geometrical  relations  determine  which  resistance  is 
dominating.  An  increase  in  cross-sectional  area  causes  a 
pressure-increase,  a  decrease  in  cross-sectional  area  causes 
a  pressure-decrease. 

It  oust  be  emphasized  that  the  cross-sectional  resistances 
have  no  dissipative  nature.  In  those  cross-sectional  resistances 
static  pressure  is  transformed  into  dynamic  pressure  and 
inverse.  As  lung  as  pressure  and  flow  are  taken  as  measuring 
quantities  one  can  not  determine  whether  a  pressure  drop  is 
caused  by  friction  or  change  in  area. 

So  using  the  idea  of  cross-sectional  resistance  we  are  working 
in  reality  with  a  potential 

«•»>  rut  =4. 

2 . 2  A_f  luidic_gotential_f  or_high_£ressure_and_densit  j 

variations 


Taplin  (ref. 3)  takes  the  work  of  an  irreversible  steady  flow 
machine  to  define  a  compatible  force. 

The  total  power  available  for  work  by  processing  from  pressure 
Pj  to  pressure  Pj  can  never  be  larger  than 

C2.15)  fm  -  m  ftji;  u  . 

For  the  case  of  perfect  throttling  all  energy  is  made  unavailable 
and  we  can  define  a  potential 


tfe  come  to  the  same  conclusion  if  we  take  the  change  of  entropy 
to  calculate  the  expression  for  unavailable  work. 


(2.17)  Airr 


a 


mn  f?<|  ( \t- 1 ) 
"  (  »c-  i  ) 


L» 


from  this  we  find 


the  unavailable  power  to  be 
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I 


(2.18)  ?Ltr  = 


dA‘"  =  m 


dt 


n(vr-i)  /V 


For  isothermal  conditions  this  expression 
maximal 


=  P 

1>V)  . 

will  become 


(1.19)  PLrr  =  w  R<}  T  /h 

ri 

or 

(1.19b)  clPirr-  r^cKerjf) 


and  using  the  state  equation  for  a  perfect  gas 
(2.19c)  c/P  =  m  d  ( 

irr  J  j>  ’ 

The  mechanical  potential  defined  by  Kirshner 


therefore  differs  from  the  potential  defined  by  Taplin 
dH  -  cUl?qTln  &  ) 

5f  p/' 

in  the  term  for  kinetic  energy  . 

Taplin  shows  that  this  potential  can  be  used  with  sufficient 
accuracy  up  to  pressure  ratios  of  p,Vflu  ^=r  2. . 

So  this  potential  seems  to  be  of  great  value  for  circuit 
design  if  compressibility  cannot  been  neglected. 

In  order  to  find  a  complete  mechanical  potential  usinec  the 
ideas  of  Kirshner,  Taplin  and  Schaedel  would  be  to  complete 
tne  potential  of  Taplin  by  a  term  considering  the  change  of 
potential  on  a  cross-sectional  resistance. 

(2.20)  c/e  =  cl(  p^7  )  t  Tj*  <7  m 

where 
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r?  on  r  *=  =  sL  /  ^  1 ill*  = 

s  civY)  d™  /\zp#1 

is  the  dynamic  cross-sectional  resistance. 


kyi 


The  dc-resistance  is  found  to 

„  *  G*  .  /?/T2 

(2.22)  Ri  =-r  -  ►»  -£^rp-  . 


The  modified  B3RN0ULLI-law  will  then  be 


42  P  - 
4  I?,2  r  ^ 


(2.2?)  cU^lUp,)  4  r$,d^  =  ct(fyT Uo2)^rs{rii^i 


The  equivalent  circuit  is  shown  in  Fig.  2.3. 

So  the  mechanical  potential  e  appears  as  the  source  potential 
in  the  network.  It  differs  from  the  logarithmic  potential 
after  Taplin  by  the  potential  drop  across  the  nonlinear  cross- 
sectional  resistance. 

In  our  further  considerations  we  will  refer  to  the  network 
theory  where  p  is  used  as  fluidic  potential  as  small  density 
variation  theory  and  where  we  use  the  logarithmic  potential 
H  *  [  p,yp  *  )  we  will  refer  to  large  density  variation 

theory.  ' 2 


2.3  Piyi^i£_E?si 3 tance_1_cagacitance_and_ inductance 

Using  pressure  as  fluidic  potential  the  fluidic  resistance 
is  defined  as  ratio  of  pressure  drop  to  massflow 

(2.24)  R  = 

where  the  pressure  drop  for  dc  can  be  caused  by  friction  losses 
as  well  as  by  change  in  cross-section. 

Fluidic  networks  also  have  the  ability  of  storing  potential 
and  kinetic  energy.  Accordingly  one  defines  fluidic  capacitance 
and  inductance. 

In  a  volume  with  the  dimensions  shown  in  Fig.  2.4  the  mass 
m  •  ft  A  can  be  stored.  Massflow  into  the  volume  then  is 
proportional  to  the  change  in  density  per  time  unit 

(2.25)  w  =  i  At;  . 
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_ 


Assuming  adiabatic  conditions  massflow  in  dependence  of 
change  in  pressure  per  time  unit  follows  as 

(2.26)  -  ia  &  je*  -  ± 4  ^ 

dp*  it  cAl  dt 

where 

^[App 

(2.2?)  C<x  ~  velocity  of  sound 

According  to  the  electric  analogy  ( t  =  (1  ~rz  )  the  adiabatic 
capacitance  is  defined  as  d 

,  At  V 

(2.28)  Ca=  t y  =  ~~r 

In  a  tube  shown  in  Fig.  2.5  a  change  in  pressure  can  be  caused 
by  accelerating  the  mass  rr\=  flA  in  the  tube. 

The  force  acting  on  the  cross-section  A  is 

(2.29)  F  -  ^(m?)  . 


From  this  the  pressure  follows  as 

(2.30)  p=i-d(f(fl7) 

The  pressure  induced  by  change  in  massflow  then  becomes 


(2.31)  P  -  }  $  . 

According  to  the  electric  analogy 
inductance  is  defined  as 


(2.52)  La 


the  adiabatic 


3.  DC  -  Circuits 


3 . 1  y2i£2Em_ducta 

3.11  The_laainar_resi8tance 

In  the  case  of  laminar  velocity  distribution  the  uniform  duct 
may  be  described  by  a  dc-resistance  Ria^  .  The  pressure  drop 
along  the  line  is 

p- 
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The  dc  resistance  of  a  uniform  line  with  circular  cross-section 
is 

For  rectangular  cross-section  the  dc-resistance  becomes 
(3.3)  =  G 


'(a**1  '-K 

/A2 


where 


«•*>  cR-r( 


with 


a  ■  aspect  ratio  of  the  duct 

and  c( i  —  Zt~—  ' T  eigen  values 

A  good  approximation  for  C  ^  ia  given  by 

(3-5)  C*-^. 

In  Fig.  3.1a  CR is  plotted  as  a  function  of  a. 


3.1.2  Turbulent  resistance 


For  turbulent  flow  the  Blaaius  law  gives  the  friction  factor 
fWb  aa 

(3.6)  f.  =  Qi 3lfe<f 

turb  I 

IRe  • 

Introducing  this  into 

(3.7)  4^  =7~f 

ft1  fc 

ii  apaa 

where  De  -  - - -  is  the  hydraulic  diameter,  we  f  jnd  the 

Circumf  er'*  f c 

tubulent  resistance  as 

(3.8)  R.  I  *  I?,  -I \  =  I?  (Jh 
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This  formula  is  valid  in  the  range  of  Reynolds  number 

2  300  ^  [?e  ^  SO,  000. 


The  Reynolds  number  may  be  calculated  from  maesflow  by 


(3-9)  Rc  =  £ 


ii  yy\ 


^  j v/*  • 

3.1.5  ?®2istance_due_to_flow_develogment 


A  fluid  entering  a  duct  with  an  initially  uniform  velocity 
profile  undergoes  a  hydrodynamic  development  until  the  fully 
developed  laminar  profile  is  achieved.  This  flow  development 
in  the  entrance  region  results  in  an  increment  in  pressure 
drop.  Using  ref.  4  and  5  the  resistance  of  a  channel  including 
the  pressure  drop  resulting  from  entrance  effects  follows 
out  of 

(3. ic)  =  ( _L  f  k((l 

Sir  & 

as  a  series  connection  of  .the  known  laminar  resistance  and  a 
nonlinear  resistance  K(()  —  to 

^SA 

(5.11)  Rv  = 

The  distance  necessary  for  fully  developed  laminar  flow  can 
approximately  determined  by 

(3.12)  ((d  =  (3.0  Z  Rt  Dc  • 


^or  a  duct  length  lil.,  the  prefile  will  be  fully  developed 
and  k  is  constant.  ForIcircular  cross-sect iens  one  finds  k_d=4/3. 
For  rectangular  cross-secticns  kf,  is  plotted  in  Fig. 

3.1b.  Ia 

For  a  duct  length  l-lrj  UAN  gives  the  following  approximation 
(ref. 6) 


(3.13) 


with 

(5.14.)  Ca.p=  12 

(3.14'j)  C.p  =  13.i(^£ )"L 


rectangular  cross-section 


circular  cross-section  . 


Combining  eau.  (5. 13)  and  (3.14)  we  find 
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circular  cross-section 


-  Vz 


(3.15a)  f(0)Xili  =  42.2.  (y2-) 

(5.15b)  —  y*.  ^  ^=4" .  —7--^ — )  rectangular  cross-section 

2?A 

In  terms  of  massflow  rate  the  length  for  flow  development  is 
found  as 


(3.16a)  lfH  -  0.025-t2 

r 

_JV 1 

r 


Lfd  - ^ 

(5.16b)  lfd  -  0.08 


circular  cross-section 

rectangular  cross-section . 


3.2  Nonuniform  ducts 


In  chapter  2  we  have  already  derived  an  equivalent  circuit 
for  a  nonuniform  duct  introducing  nonlinear  cross-sectional 
resistances  (Fig. 3.2),  assuming  an  incompressible  and  lossless 
medium 


(2*14)  Ploi  =  /V  ^  1  ""  =  \°i  +  Rsi  • 

3.2.1  Nozzles 


From  equ.  (2.14)  and  Fig.  3.2  the  nozzle  resistance  is  found  as 


(3.17)  Rn  = 

»V1 


assuming  that  there  is  not  jet  contraction. 

For  Ap  »  0  Rq  becomes  infinite  (no  flow)  and  for  A  RQ 

becomes  zero  (short  circuit). 


Expressing  the  flow  through  the  nozzle  by  pressure  difference 
across  the  nozzle  we  have 


(3.18) 


tn 


Considering  compressibility  at  higher  pressures  for  adiabatic 
conditions  we  find 
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Fig. 3. 2  Equivalent  circuit  of  a  nonuniform  duct 
wlthrut  losses 


Fig. 3. 3  Nozzle  geometry 


Fig. 3. 4  Diffuser  geometry 


2i 


A 


For  nozzles  exits  with  several  nozzle  widthsas  shown  in  Fig. 
3.3  the  entrance  losses  due  to  flow  development  have  to  be 
considered  (see  3.1.3). 


3.<?.2  Diffusers 

Using  equ.  (2.14)  the  pressure  drop  in  an  ideal  diffuse  may 
be  written  as 

(3.20)  pt-p.-*(Rs,.RSl)=-ia;,(if -(-A/)  _ 


Because  the  cross-section  Ao  in  any  case  is  larger  than  A. 
the  negative  resistance  is  dominating.  The  pressure  drop  1 
turns  out  to  be  negative,  the  diffuser  therefore  causes  a 
pressure  increase.  Using  the  ideal  pressure  recovery  coefficient. 

(3.21)  Cfri  =  4  "  (jl) 

ths  diffuser  resistance  of  an  ideal  diffuser  becomes 

(3*22)  Rd^dtai  ~~R'iCprL. 


The  diffuser  resistance  of  a  real  diffuser  becomes 


(3.23)  RcljeaL  ~  fa  Kd'idcai  =~  Cpr^Si 


where 


Cgr 


c 


pn 


diffuser  effectiveness 


and 


C 


Pr 


pressure  recovery  coefficient  of  a 
real  diffuser. 


Detailed  data  on  the  performance  of  straight-walled  diffusers 
are  found  in  ref.  7  and  8.  It  should  be  pointed  out  that 
investigations  of  diffusers  in  flow  mechanics  were  carried  out 
at  configurations  which  were  large  compared  to  those  of  fluidic 
elements.  The  results  of  diffuser  design  of  energy  flow  mechanics 
can  therefore  not  be  directly  transfered  to  fluidics.  The  common 
methods  assume  that  the  boundary  layer  is  small  compared  with 
the  cross-sectional  dimensions.  For  the  large  dimensions  of  the 
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flow  mechanical  energy  technique  this  is  nearly  always  valid. 
In  fluidic  circuits,  however,  the  boundary  layer  is  of  the 
order  of  the  cross-sectional  dimensions.  Investigations  of 
fluidic  jet  deflection  amplifiers  showed  that  the  pressure 
recovery  of  the  diffusers  is  strongly  dependent  on  mass  flow 
and  sometimes  extremely  pocr  (ref. 9). 

Gibson  found  in  1911  (ref. 10)  that  the  losses  in  a  diffuser 
compared  with  an  ideal  diffuser  can  be  expressed  as  a  function 
of  the  carnot-losses  and  the  total  angle  2^  (Fig.  3.4) 


where  k(0)  can  be  expressed  in  the  range  0^2  0  <35°  by 
the  relation 


(3.2?)  Q)A ,i+. 


The  experimental  results  from  libson  showo  that  his  formula 
only  describes  the  losses  in  the  range  10°£  2  0  05*  with  sufficient 
accuracy.  Below  2  6*?’  the  losses  in  these  experiments  again 
increased.  It  seems  therefore  to  be  convenient  to  interprete 
these  losses  by  friction  losses.  If  we  assume  that  the  flow  is 
laminar  and  does  not  significantly  change  the  velocity  profile, 
the  laminar  resistance  of  a  small  fluidic  diffuser  (ref. 9) 
becomes 


(3.26) 


a  *vi 


=  gy  Jit 

1  a.(<)A(*)z 


Inserting  the  geometrical  conditions  for  a  straight-walled 
diffuser  we  obtain 


(3.27)  K 


d,lQ» i 


Sjr  r'  J 

A* 


with  an  effective  diffuser  length 

4-4 


Combining  equ.  (3*27)  and  (3-28)  with  the  equation  for  the 
ideal  diffuser  the  pressure  increase  in  a  real  diffuser  becomes 


(3.29) 


ZfA,* 


4 


*i\Z  te 

A*-!  v*l(f  U)  (el 


I 


I 


and  from  this  the  diffuser  efficiency 


(5.50)  n  =  -| 


,  \  ^  Ifc  f(a,  le 


' _ If  Ia  l(j  ) _ til 


Fig.  5-5  shows  the  diffuser  efficiency  &{  plotted  asrainst  the 
massflow  rate.  The  dimension®  of  the  diffuser  are  b,  •  1  mm, 
h  ■  1,U5  mm,  20*8. 

For  further  information  see  ref.  9. 

The  diffuser  resistance  now  will  be 


Fau.  (5.25a)  very  accurately  describes  a  diffuser  with  an 
approximately  uniform  velocity  profile  at  the  diffuser  inlet. 
Tnis  is  nearly  always  given  for  Jet  deflection  amplifiers, 
where  the  receiver  takes  a  small  part  out  of  the  jet  profile. 
In  wallattachaent  amplifiers  the  assumption  will  not  hold 
any  longer  because  of  the  nonuniform  velocity  distribution  at 
the  receiver  inlet,  nevertheless  equ.  (5.25a)  will  give  a  cer¬ 
tain  guide  to  estimate  the  losses  which  mostly  are  higher  than 
predicted  by  energy  flow  mechanics. 


’.5  Jet_receiver_nozzle 

,  .t  of  s  supply  nozzle  a  jet  emerges  which  is  received  by  a 
nozzle  as  indicated  in  Fig.  5*6. 

If  we  block  the  nozzle  we  obtain  the  maximum  pressure  which  we 
call  source  pressure  p,.  .  If  we  load  the  receiver  channel  by  a 
finite  resistance _the  static  Dressure  at  tne  nozzle  mouth 
decreases  by  ?/2-j’v(z.  The  pressure  in  the  receiver  mouth 
therefore  becomes 


(5.51) 


-  Pa  "  i  f  ^  - 


Pa'/?; 


where  f?L  =  s,  - 


The  equivalent  circuit  for  the  nozzle  mouth  is  found  as  a 
pressure  source  p~  with  a  nonlinear  internal  resistance  R;. 
At  tnis  internal  ^resistance  we  find  the  pressure  drop 
Rjm.  The  difference  between  source  pressure  p^  and  pressure 
drop  at  the  internal  resistance  R,  is  the  pressure  in  the 
mouth  of  the  nozzle.  In  reality  tne  source  pressure  p  will 
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not  recain  constant  for  dilferent  loadin--  because  oi  changes 
in  the  velocity  profile.  The  equivalent  circuit  could  therefore 
be  changed  by  introducing  a  load  depending  pressure  source. 

This  again  ca  be  interpreted  by  an  additional  internal 
resistance. 

In  ref.  11  Kessel  has  calculated  the  pressure  source  8n<d  this 
additional  internal  resistance  of  the  receiver  source  nres'ure 
for  a  jtt  deflection  amplifier. 

For  lluidlc  wall-attachment  amplifiers  the  calculation  of  tne 
intern- 1  resistance  will  be  very  difficult.  Nevertheless  tne 
equivalent  circuit  for  the  receiver  es  a  pressure  source  with 
nonlinear  internal  resistance  is  valid,  even  If  the  single 
quantities  have  to  be  determined  out  the  pressure-flow 
cnaracteristics. 

A  typical  pressure-flow  characteristic  shows  f ig.5.7. 

If  we  now  combine  a  receiver  nozzle  with  a  diffuser  we  can 
directly  drsw  the  equivalent  circuit  for  the  whole  con¬ 
figuration  (^ig.  3.8).  The  viscous  losses  in  the  nozzle  are 
considered  by  a  resistance  Ru  which  is  calculated  pv  tqu. 

$.11. 


5.  $  The_fluidic_line_branching_£rel\  1?} 

Unlike  in  electronics  line  branchings  in  fluidic  networks  are 
of  very  complicated  nature  even  for  dc.  •. hilst  the  electrical 
line  branching  is  fully  described  by  the  node  theorem 
we  find  potential  jumps  in  the  fluidic  lines  brancr.ing  off 
caused  by  different  velocities  in  the  branches  (Fig. $.9). 

A  further  influence  factor  is  the  vector  characteristic  of 
the  velocity  which  results  in  a  preference  of  lines  depending 
on  geometry. 


5.3.1  li^eal^l ine  branching 


Consideration  is  to  be  limited  only  to  the  change  at  sectional 
areas  that  are  marked  by  the  dotted  lints  shewn  in  Fig.  $.10. 

Ae  assume  that  the  medium  is  incompressible  or  at  least  that  it 
has  low  compressibility.  Considering  the  losses,  we  form  the 
p^RNOULLI  eauation  for  the  streamlines  from  branen  1  to  2  and 
from  branch  1  to  5. 


(3.52a)  ,,  ■  4 


-  r  y  - 
^  j  v< 


'  fv/,  1-1 


>2 


(5., 2b)  n~ ;  ;  g  -  P_  f  [  ■_  .  u 


13 


The  total  losses  H,  ^  and  H,,  in  the  branches  1  to  2  and  1  to  3 , 
respectively,  c»n  be  devided  into  the  mixing  loss  htj  ana  the 
lricticnal  losses.  By  introducing  the  mass  flow  rate  wt  obtain 

(5.55a)  P,  +  ^  iv)  (  =  •*-  P  ^  2.  ^  M 1  ? 

(5- 55b)  p  ^  +  I?  2_  ^  ~  1°  1  1  -  >v»  ^  1  M  / 
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Fig. 3. 11 


Squivalent  circ  *it  for  the  "ideal"  line  branching 


where  K^,  P2  and  R/  are  the  nonlinear  cross-sectional  resistan¬ 
ces  ‘ 


(5.34) 


t  -  — ' v' 1  - 

•  *  /<■ 

*  1  h\ 


mz 

2  p42 


”22 

2  °  ‘ 


Ae  snail  designate  S  ,  and  R  -  88  arbitrary  terminating 
resistances,  eg.  nozzles. 

Using  the  mash-theorem  we  obtain  two  equations  to  describe 
the  line  branching.  In  addition  we  hsve  the  continuity  equation 
for  use  here.  Neglecting  the  losses  the  equivalent  circuit  for 
the  'ideal'  line  branching  in  Fig.  3.11  can  be  found. 

This  equivalente  circuit  is  used  as  reference  for  the  real 
('lossy')  line  branching  that  considers  the  losses. 


3.3*2  ?he _ lo ssy_ l ine_ branching 


In  ref.  13  Vazsonyi  finds  a  mathematical  approach  for  losses 
in  duct  branches.  His  calculations  were  Dased  on  the  extensive 
tests  at  the  Hydraulic  Institute  of  the  Technical  University 
of  irunich  (ref. 14  and  13). 

The  losses  can  be  devided  into  pressure  losses  caused  by  the 
frictional  losses  in  the  ducts,  the  hydromechanical  develop¬ 
ment  of  the  velocity  profile  and  the  mixing  losses  in  the 
region  of  flow  division. 

The  mathematical  approach  of  Vazsonyi  for  the  mixing  losses 
is  given  as 


(3.35)  -  Si  = 


A,(*0V  <-  'V“>-  ^U))v2j-2  Vz  'ow 


(3. 36)  2  a,,  --  f  /WfOv,1  -  M/Ov'S^oa/i' 


The  loss  coefficients  A,  and  h  5.  and  the  effective  angles  in 
equ.  (3.35)  and  (3.30  can  be  taken  form  Fig.  3.12  and  3.13. 


Considering  the  mixing  losses  the  equations  for  the  real  line 
branching  can  be  written  as 


(3.57) 


P  «  Pz - f?<  I'v'*  ,  *•  f?2  rUL  -t- 


(  5. 5B)  p  ,  -  p  3  -  -  f?t  too  ^  ^  h  o  • 

From  eau.  (5* 33)  tnrough  (3-59)  we  obtain  the  equivalent 
circuit  shown  in  wig.  3.14,  where 


.  _  -z 

O  P  KV) 

I  i 

A  P,2~ 
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=  f?  u  -1 

13  K1  ^  2 

4 

*  P2,~ 

-  R-y 

/C  p2 ,  ~ 

r,2  = 

2  P3  2^  *3 

correction  terms  k  only  depend 

on  geometry ,  for 

branching  they  are  constant, 
(3.40) 


^2  =  A  'X,U) 

k-i-j  -  -2  A1U)(o^> 

k3,  =  2  «.  (^)2(/VfW/'>) 

Pr'  A,  yAz  /*  i 


The  resistances  RVI  ,  RVi  and  consider  the  pressure  losses 
in  the  single  branches  caused  by  friction  and  the  development 
of  the  velocity  profile.  The  resistances  R,,  ,  R21  and  R31  only 
depend  on  the  mass  flow  rate  through  the  branch  that  they  are 
appointed  to  in  the  equivalent  circuit.  The  resistance  8  Ru  » 
R13and  R12  depend  on  the  several  flows  simultaneously.  In  order 
to  describe  them  in  a  network  a  parametric  representation  with 
respect  to  flow  is  necessary. 

Usine  flow-controlled  resistances  it  could  be  possible  to  find 
other  constellations  of  resistances  in  the  equivalent  circuit. 
However,  in  ref.  12  it  is  shown  that  the  chosen  configuration 
is  convenient  for  the  measuring  techniques  used. 

Combining  the  single  resistances  in  the  branches  we  find  the 
equivalent  circuit  using  the  branch  resistances  (see  Fig.  3. 15). 

(3.41)  1^  =  ^)?, 

^2.0  =  ^2.0  l?2. 

which  are  related  to  the  cross-sectional  resiPiaLces  shown  in 
?ifc.5.11i  where 
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of  deflection  au  function  of 


Pig. 3. 14  Equivalent  circuit  of  a  general  line  brancning 


Pig. 3. 15  Equivalent  circuit  with  branch  resistances 


Pig. 3. 16  Eq  livalent  circuit  of  a  line  branching 
with  flow  diodes  showing  flow  direction 


It  should  be  emphasized  that  a  topological  agreement  of  the 
equivalent  circuit  with  the  test  model  is  only  valid  for  the 
three  terminating  points  1,  2  and  3»  because  the  equivalent 
circuit  merely  describes  the  pressure  transfer  for  the  hatched 
region  in  Fig. 3.10  if  the  viscous  resistances  Retake  into 
account  the  losses  in  the  lines.  In  addition  the  equivalent 
circuit  depends  on  the  direction  of  the  input  flow. 

In  order  to  show  for  which  flow  direction  the  equivalent 
circuit  has  been  developed  flow  diodes  can  be  introduced  as 
shown  in  Fig.  3*16. 


3 . 3 . 2 . 1  B^ujL  valent  _ci£cult_for_symmetri.c«l_line_branching 

The  branching  is  defined  to  be  Sj  metrical  if  the  cross 
sections  A2  and  and  the  angles*  and  p>  are  equal.  For 
this  case  the  equivalent  circuit  can  be  simplified  to  that 
of  Fig.  3.17.  The  resistances  R^and  R22  disappear. 

For  equal  lengths  in  the  output  branches  the  total  resistances 
for  the  branch  2  and  3  have  the  same  flow  characteristic.  The 
single  resistance  can  be  described  by 


(3.43)  R41  «  I?, Cl-  K<U)) 

1 

Rn  -  R3,  cos  *') 

Ml 


3.4  The_fluidic_line_ Junction 

Problems  in  fluidic  line  junctions  are  very  similar  to  those 
in  fluidic  line  branchings.  In  ref.  lb  tnerefore  Kohl  derives 
an  equivalent  circuit  in  analogy  to  that  of  the  line  branching 
using  the  results  from  Vazson.yi  (ref. 13)  for  the  mixing  losses 
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5.4.1  lhe_e2uivalent_circuit_ol_the_^ideal^line_ junction 

Assuming  that  the  medium  is  incompressible  or  at  least  that 
it  has  low  compressibility,  we  form  the  P^RNOULLI-equation 
for  the  streamlines  from  branch  1  to  5  and  from  branch  2  to  5 
(Fig.  5.18) 

(5.44a)  o,  *  =  p,  v  1  3 

(3.44b)  p2  A  7  =  p-;  1  ^  ’  v,c  *  ui2  , 

The  total  losses  Hu  and  H^can  be  devided  into  the  mixing 
losses  h  and  the  frictional  losses. 

3y  introducing  the  massflow  rate  we  obtain 


(3.45a)  pi  4-  Pj  yv,  (  -  +  (?-  ■'V'i,  4.  l-l,, 

(3.45b)  p2  *■  =  P'14  ■"  1  kvi  3  *  ^22 


where  R-p  R£  and  RA  are  the  cross-sectional  resistances 


(3.46)  r<  = 


VYl  . 


2<’/»,i 


I?,  - 


■on -5 


2 


r?  = 

'  T.  -  _  A  l 


Neglecting  the  losses  the  equivalent  circuit  for  an  'ideal' 
line  Junction  is  found  in  Fie.  3.19. 

This  equivalent  circuit  is  used  as  reference  for  the  real 
('lossy')  line  junction  that  considers  the  losses. 


3.4.2  The_e2uiva lent _circuit_of_the_real_line_^unct ion 

The  mathematical  approach  of  Vazsonyi  for  the  mixing  losses 
is  given  as 

(3.47)2^1,3  =  rk«>v,^V  ^2-  ctsfl'j 

'  L  “*  t-YI  1  IVl  1  '  - 


mn  3 


rn  1 
Vy  ** 


(3.48)2  3=£  Ai([l)v^±  (OLf±‘  +  COS*1)  . 

J  L  *Vl  n  ^  ’  -* 
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XD  Aj,  Vj.pi 


Pig. 3. 19 


Fig. 3. 20 


Pig. 3. 18  Fliidic  line  junction 


Equivalent  circuit  for  the  "ideal”  line  junction 


0  30°  60°  90°  120°  150°  180° 

Loss  coefficient  as  function  of  angle  of  deflection 
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The  loss  coefficient  A.*can  be  taken  from  Fig.  3*20  and  the 
effective  angles  can  be  taken  from  Fig.  3.13. 

Considering  the  mixing  losses  the  equation  for  the  real  line 
function  we  obtain  the  equivalent  circuit  shown  in  Fig.  3.21, 
where 


(3.4-9) 


_> 

II 

TO 

• 

^  a  -  ^  i  ^ » *  ( 

OO  4 

• 

R  =  ^  'Z  ,i  - 

• 

^2*  “  R2  ^2, 

(4 

•V) 

« 

Rj 

hri  2 

d  f ~  ™  ,i 

dpi*  ~ 

/I  |5^  ^  W\  z 

Ap22  ~ 

£  -v  ~  ^  * 


The  correction  terms  k  only  depend  on  geometry,  for  a  given 
line  branching  they  are  constant. 


(3-50) 


1  -2 


A> 

A 3 


Co  5 ^  1  4 


The  resistances  R  v,  ,  R^and  R  consider  the  pressure  losses 
in  the  single  branch  caused  by  friction  and  flow  development. 
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Pig. 3. 21  Equivalent  circuit  of  a  general  line  junction 


Pig. 3. 22  Equivalent  circuit  with  branch  resistances 


Pig. 3. 23  Equivalent  circuit  of  a  line  junction  with  flow 
diodes  showing  flow  direction 


Similar  to  the  equivalent  circuit  of  the  line  branching  the 
resistances  R,,  and  F21  only  depend  on  the  massflow  rate  through 
the  branch  they  are  appointed  to  in  the  equivalent  circuit. 

The  resistances  F^  ,  R0,  K;^and  R^2  depend  on  the  ratio  of 
the  flow  rates  m,  and  .  In  order  to  describe  them  in  a  network 
e  parametric  representation  with  respect  to  flow  ie  necessary. 

Combining  the  single  resistances  in  the  branches  we  find  the 
equivalent  circuit  using  the  branch  resistances  (see  Fig.  5*22). 


(3.5i)  R,„=«10e( 
=  ^2  o 


which  are  related  to  the  cross-sectional  resistances,  where 


(3.52) 


^20  —  ^2  1  f  ^2  2  ]  f  k22 


W\  4 
^2  ' 


As  already  said  above  for  the  line  branching  the  equivalent 
circuit  depends  on  the  direction  of  the  input  flows.  In  order 
to  show  for  which  flow  direction  the  equivalent  circuit  has 
been  developed  flow  diodes  can  be  introduced  as  shown  in 
Fig.  3.23. 


3. 4. 2.1  ?2uivalent_circuit_for_a_si^nmetrical_line_^unction 
For  a  symmetrical  line  junction  (A^  A^and  *.»^)we  obtain 

(5.53)  -  k21 

K-3  -  . 
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Transmission  Lines 


Contrary  to  processes  in  fluidic  networks  with  lumped  com- 
ooneiits  pressure  and  flow  depend  on  time  as  well  as  on  space. 
Comparing  the  pneumatic  and  the  electric  transmission  line 
we  find  that  the  velocity  of  sound  in  air  is  about  the  factor 
106  smaller  than  the  velocity  of  light.  He  therefore  obtain 
in  fluidic  engineering  the  same  wave  lengths  at  frequencies 
which  are  about  104  lower  than  in  electrical  engineering. 

For  instance  6C(  Hz  in  fluidic  engineering  (medium  air)  may 
be  compared  with  600  I.'Hz  in  electrical  engineering.  The  wave 
length  \  in  both  cases  is  50  cm.  In  Table  1  the  frequency  ranges 
of  electronics  and  fluidics  (medium  air)  are  compared. 

_ _  _ 


Electronics  Fluidics  (air) 


0,5 

-  3«Hz 

0,3 

3Hz 

MF 

1000  - 

100  m 

5 

30k  Hz 

3 

-  30Hz 

HF 

ICO  - 

10  m 

3C 

-300kHz 

30 

-  30CHz 

VHF 

10  - 

1  m 

0,3 

-  3kHz 

0,3 

-  3kHz 

UHF 

10  - 

1  dm 

3 

-  30kHz 

3 

-  30kHz 

SHF 

10  - 

1  cm 

Table  1 


The  above  mentioned  frequencies  of  600  Hz  therefore  belong  to 
microwave  range.  But  even  for  frequencies  of  30  Hz  we  must  be 
aware  of  handling  ultra  short  waves. 


4.1  The_e<juivalent_circuit_for_a_short_len5th_of_f  luidic 
transmi ssion_line 

Analogous  to  the  electric  transmission  line  an  equivalent 
circuit  for  a  short  length  of  the  uniform  fluidic  transmission 
can  be  derived  as  shown  in  Fig.  4.1, 

where 

R’  resistance  per  unit  length 

L'  inductance  (inertia)  per  unit  length 

C'  capacitance  per  unit  lensth 

<V  conductance  per  unit  length 

Uniiorm  means  that  the  transmission  line  characteristics  do  not 
change  along  the  line  (same  geometry  and  flow  conditions). 
Putting  up  the  mesh  theorem  lor  the  pressure 

(4.1)  Z  p  *0 

and  the  node  theorem  for  the  massflow 

(4.2) 2  rr,  =  0 
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m=mfz)  /?'  dz  L'  dz  mti+dzirm*^11  dz 


Pig. 4.1  Equivalent  circuit  for  a  short  length  of  a  fluidic 

transmission  line 


Fig. 4. 3  Fluidic  transmission  line  as  four  pole 


we  find  the  following  relations 


=  (  R'tjwL'JA  =  2,'-™ 

(4.4)  |E  =(d'*i-C)p=Y;p 

where 

(4.5)  series  impedance  per  unit  length 

(4.6)  y;=^v  j uj  C  1  shunt  admittance  per  unit  length. 

4.2  The  uai£orir_transtti8sion_line  °£_arbitrar2_length 

4.2.1  Surge  imped ance_and_Drogag8tion_f actor 

Out  of  the  equations  for  the  series  impedance  per  unit  length 
and  shunt  admittance  per  unit  length  the  differential  equation 
for  the  pressure  is  obtained  as 

(4-7)|fi  =  voC') . 

This  linear  differential  equation  can  be  solved  by 
(4.8)  p  =  a  e  ^ 

where 

(4-9)  r<  =  J(  R'^j^L’XdYjwC 

From  equ.  (4.8)  the  general  solution  is  found  as 

(4.10)  p=  atc'r,i  +  aie‘r,i. 

^  is  called  propagation  factor,  with 

where 


attenuation  factor 
wave  number. 


The  solution  of  the  differential  equation  for  the  massflow 
rate  (rives 

(4.12)  n  =  -  f-1  e<f,i 

where 
(*.13)  2, 


-iUlK _ 


Z  0  has  the  dimensions  of  a  fluidic  resistance  and  is  called 
’surge  impedance’  or  ’characteristic  impedance’  of  the  line. 

Using  the  conventional  complex  time  notation  one  obtains 

i ii\  *  A  t a)  *  <i 

(4.14)  p  e  =  a,  e  c.  +  4zc 

^  jwt  5,  - W, 2  j£u»£“fV)  a  ;(u ,t+p>,*) 

no  cJ  =  ,  e  e  +  !Te  £  1 


(4.15) 


2o 


Pressure  and  flow  along  the  line  result  out  of  the  super¬ 
position  of  a  wave  travelling  in  positive  z-direction  and  a 
wave  travelling  in  negative  z-direction. 

The  amplitudes  decrease  with  increasing  direction  of  propagation 
according  c.~*' 1  .  The  phase  changes  with  wt  and  in  addition 
along  the  propagation  coordinate  with  /1(  ?  . 

The  phase  velocity  is 

(4.16)  C.  =  -— 

h 

The  phase  velocity  in  general  is  smaller  than  the  velocity  of 
sound  in  free  space  (or  lossless  transmission  line). 

The  relation  between  frequency  and  wavelength  is  given  by 

(4.17)  C  =  l  f 

4.2.2  The_characteristic_e2uations_for_the_tran8mission_line 

Calculating  the  constants  a(  and  az  out  of  the  boundary  con¬ 
ditions  we  find  the  characteristic  equations  for  the  trans¬ 
mission  line  which  gives  the  correlation  between  pressure  p^ 
and  mass  flow  rate  mi  at  the  beginning  of  the  line  and  pressure 
pt  and  massflow  rate  m2  at  the  end  of  the  line. 


(4.18)  p,  =  p2  coi  In  fit  +• 


(4.19)  *%  =  vv,i':o:*0f(t  *"  "*7 

^  o 

Usina; 

(4.20)  lL= 

^2. 

frtr  the  load  impedance  of  the  line  the  transfer  function  for 
pressure  and  flow  are 

(4.21)  -^=  rosbpi  f  y 

(4.22)  =C0ihf4l+  ^  . 

Ml  8  2o 

4.2.3  arbitrary 

loa^ _inpedance 

The  input  iirpedance  Zt„  of  a  line  loaded  by  an  arbitrary  impe¬ 
dance  is  found  out  of  equ.  (4.21)  and  (4.22)  as 


2, 


(“•25)  2ln  = 


'I  +•  ta*hfi 

1  +  t°”hn 


Loading  the  line  by  its  surge  impedance  -  Z0  ,  one  finds 
that  the  input  impedance  is  equal  to  its  surge  impedance 

(4.24)  zLl„=20  with  =  20  . 


The  main  wave  is  fully  absorbed  by  the  load  impedance.  The 
transmission  line  is  'matched'. 
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4.2.4  The_f  our;22i£_£9HilSi®35  _£i££Hi^2?_^£_l£5S55iS§i2S 

line 

The  four-pole  equivalent  circuit  of  a  line  (Pig.  4.2)  can 
be  derived  from  the  characteristic  equations  (4.16)  and 
(4.19)  which  can  be  written  as 


(4.25) 


<?< 

!  \ 

3,2  ' 

/  Px  1 

=  ( 

^  a2\ 

_ 

where 


aH  =  cos  In  i r<l 

AI2  ~  St*  I'f *  t 

«J,  -4  S£«» Ifd 

A  22.  “  C  Oihf4lm 

For  the  T-type  equivalent  circuit  in  Pig.  4.4a  we  obtain 

(-.26)  2ir-2zr-2.{*Mipt) 


(4.2?)  l^r  =  ^ 


4 


and  for  the  type  equivalent  circuit 
(4.28)  2^=  2,^2 


4 


t  4.29)  2Zrr  =  Bo  Sinhfil' 
For  small  argument  i_  assuming 


the  transmission  line  can  be  described  by  the  T-type  or 
Tt -type  equivalent  circuit  with  lumped  parameters  in  Fig.  4.5. 


Fig. 4. 4a  T-type  equivalent  circuit 
b  IT-type  equivalent  circuit 


Rei+jwLei  Rei+jwLei 

2~  2 


4.5  Four-pole  equivalent  circuit  for  a  transmission 
line  aseuming  i  fi *Ll  < 
a)  T-type,  b)  TT-type 


A  comparison  between  both  lumped  end  distributed  parameter 
models  is  Riven  in  ref.  17.  In  the  same  reference  the  various 
matrix  presentations  for  the  distributed  parameter  model  forms 
are  Riven. 


4.3  I£e_lossle88_uniform_transmis8ion_line 

Assuming  that  the  losses  of  the  transmission  line  can  be 
neglected  the  series  impedance  and  shunt  admittance  per  unit 


length 

reduce  to 

(4.3C) 

1  1 

0 

(4.31) 

11 

l 

n 

The  eouivalent  circuit  for  a  short  length  of  the  lossless  trans¬ 
mission  line  is  drawn  in  Pig.  4.6,  where  L'  is  represented  by 
the  adiabatic  inductance  per  unit  length  and  C'  by  the 
adiabatic  capacitance  per  unit  length  (see  chapter  2.3) 


(4.32)  2  l0  =  where 

(*.53)  Y,;=j"C 


The  surge  impedance 

<*•’*>  2  So=l[W' 

I  10 


now  becomes 


The  propagation  factor 


if' 


reduces  to 


(“•55)  r,o 


Equ.  (4.34)  and  (4.35)  are  mostly  used  in  acoustics,  where  the 
diameters  of  lines  are  so  large  that  the  neglection  of  friction 
will  not  significantly  influence  the  results.  In  fluidics  the 
neglection  of  losses  will  not  be  permissible.  Nevertheless 
those  equations  are  of  importance  for  fluidic  circuit  design. 
The  surge  impedance  can  be  roughly  calculated  only  with  the 
knowledge  of  the  cross-sectional  area  and  the  speed  of  sound, 
so  giving  an  idea  how  to  match  the  line  (see  chapter  5). 

Having  only  a  real  component  the  surge  impedance  i?Se  can  be 
used  in  graphical  techniques  (see  chapter  6.2.1). 
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Pig. 4. 5  Equivalent  circuit  of  a  short  length  of  lossless 
fluidic  transmission  line 


Fig. 4. 7  Equivalent  circuit  of  a  short  length  of  fluidic 
transmission  line  with  frequency  independent 
line  parameters 


WWW 


4.4  The_loss2_uniform_transmission_line_with_con8tant 
parameters 

An  improvement  of  transmission  line  theory  is  obtained  by 
considering  the  dc-resistance  per  unit  length  (Fig.  4.7) 

■From  this  the  surge  impedance  Z  and  the  propagation  factor 
are  obtained  as 


(4.36)  2  0  =  l 


so 


<4-}«  f-  =ifa  f-j 


The  characteristic  angular  frequency  is  defined  as 


(4.38)  ^Jy,  —  2lT^  = 


L' 


A  ■ 


This  theory  is  also  called  constant  parameter  theory. 


4. 5  ThS.lossZ.HBi^oEELtEfiDll^ssioi^line-With-freguenc^ 
degendent_line_garameters 


The  first  descriptions  of  fluid  transmission  lines  considering 
frequency  dependence  of  the  line  parameters  where  carried  out 
by  Crandall  already  in  1927*  In  hi3  work  (ref. 18)  a  frequency 
dependent  resistance  and  reactance  are  calculated  for  the 
acoustic  line  with  circular  cross-section.  Richardson  presented 
measurements  which  showed  the  dependence  of  the  profile  in 
an  acoustic  line  on  frequency  (annular  effect)  (ref. 19). 

In  ref.  20  Iberall  gave  the  first  general  theory  for  fluid  lines. 
The  first  comprehensive  studies  on  frequency  dependence  of 
transmission  line  parameters  have  been  done  by  Nichols  (ref. 21) 
and  Brown  (ref. 22)  solving  the  linearized  flow  equations  for 
a  transmission  line  with  circular  cross-section.  In  ref.  23  and 
24  Schaedel  presented  a  theory  for  transmission  lines  with  rec¬ 
tangular  cross-section. 

The  assumptions  of  Brown,  Nichols  and  Schaedel  are 

1.  Smal  perturbations  with  small  mean  flow 

2.  Laminar  flow 

3.  Retain  only  first  order  terms  of  equations 

4.  Jfsve  length  of  signal»  cross-sectional  dimensions 
3.  Isothermal  walls 

6.  co  -  — 2 
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4.5.1  Transmission  line  with  circular  cross-section 


Series  impedance  per  unit  length 

(4.J9) 

where  -if  ^  \  _  23,6,) 


2y 


CO 


1 


tO  o  — 


gfTV 

A  • 


Shunt  admittance  per  unit  length 


(4.40) 

where 


y.' -,i“c*(4f 

-w  60  \ 


f  r 

3«,U) 

i/*) 


Prandtl  number  (-  0,708  for  air) 

Besselfunction  of  zero  order 
Besselfunction  of  first  order 


4.5.2  5E2D£5i25i22_ii52_li£k_rectangular_cros8-section 
Series  impedance  per  unit  length 


(4.41) 


where 


PM 


a_  aspect  ratio,  o(,  »  2^-TT  eigen  values. 

Wtcttn  L  z 


Shunt  admittance  per  unit  length 


(4.42) 


where 


4.5.3  The_fregu£UC2_degendence_of..the_line_£araffleter8 

For  laminar  dc  flow  the  velocity  distribution  in  a  circular  tube 
is  parabolic.  The  same  parabolic  distribution  we  find  for  small 
frequencies.  The  magnitude  varies  in  the  same  phase  with  that 
of  the  pressure  gradient  (see  Fig.  4.8).  ie  the  velocity 
referred  to  the  average  velocity  for  dc  flow,  tfith  increasing 
frequency  the  amplitude  diminishes.  The  maxima  are  found  in  the 
neiKhbourhoud  of  the  wall  (see  Fig.  4.9) .  The  fluid  in  the  center 
o'  *he  tube  flows  with  a  phase  lag  of  90°  to  the  pressure  gradient 
Onlj  the  fluid  near  the  wall  is  in  phase  with  the  pressure  gra¬ 
dient.  kith  increasing  frequency  the  amplitude  of  the  velocity 
diminishes  and  the  region  in  which  the  velocity  and  the  pressure 
gradient  are  in  phase  is  getting  smaller.  The  pure  resistance 
of  the  series  impedance  increases  with  increasing  frequency. 

This  annular  effect  is  very  similar  to  the  skineffect  in  elec¬ 
trical  engineering. 

The  following  figures  will  show  the  frequency  depend  of  the 
single  line  parameters  defined  in  the  equivalent  circuit  for 
lines  with  circular  and  rectangular  cross-section.  The  frequency 
f  is  referred  to  the  viscous  frequency  ^  =  Ltit 

2.1T  A  . 

Por  small  dimensionless  frequencies,  i.e.  for  small  frequencies 
and  small  cross-sections  the  ac-resistance  is  equal  to  the  dc- 
resistance.  kith  increasing  frequency  and  increasing  cross-sec¬ 
tion  the  ac-resistance  may  increase  to  a  multiple  of  the  dc- 
resistance.  (Pig.  4.10) 

The  inductance  approaches  the  adiabatic  inductance  for  large 
cross-sections  and  high  frequencies.  For  low  frequencies  and 
small  cross-sections  it  can  grow  about  30%.  (Fig. 4. 11) 
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Fig. 4. 10  Frequency  dependent  resistance  per  unit  length 
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Fig. 4. 11  Frequency  dependent  inductance  per  unit  length 
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Pig. 4* 14  Magnitude  of  the  surge  impedance 


Fig. 4. 15  Phace  angle  of  the  surge  impedance 
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The  capacitance  for  high  dimensionsleea  frequencies  j/{*  henaves 
adiabatically .  ^or  small  dimensionless  frequencies  it  increases 
up  to  K  times  the  adiabatic  capacitance.  This  is  the  value  we 
calculate  for  isothermal  conditions.  Whether  the  capacitance 
behaves  isothermal ly  or  adiabatically  is  not  only  determined 
by  the  operating  frequency  but  also  by  the  cross-section. 

Technical  capacitors  in  nearly  all  cases  behave  adiabatically 
because  of  their  large  cross-sections  even  for  frequencies 
of  a  few  Hz.  In  transmission  lines  the  behaviour  mostly  is 
polytropic.  (Pig. 4. 12)  The  dissipation  factor  of  the  capacitance 
ta  *  ($  =  d'/to  C  '  passes  through  a  distinct  maximum.  The  same 
pnenomenon  we  find  in  electric  capacitors  using  a  dielectric 
with  orientation  polarised  dipoles.  It  is  caused  by  the  inertia 
of  the  dielectric  dipoles.  (Fig. 4. 13)  The  dissipation  in  the 
fluidic  capacitor  is  caused  by  the  fact  that  the  density  varia¬ 
tions  do  not  follow  the  pressure  variations  with  out  inertia 
because  of  thermodynamic  effects. 

In  Fig.  4.14-4.17  the  surge  impedance  and  the  propagation  factor 
are  plotted  as  a  function  of  the  dimensionless  frequency. 

Me  see  that  only  for  high  normalized  frequencies  the  surge  impe¬ 
dance  approximates  the  value  of  the  surge  impedance  of  the 
lossless  transmission  line.  The  phase  velocity  also  for  high 
normalised  frequencies  only  is  approximately  equal  to  the  ve¬ 
locity  of  sound  in  free  air.  Por  low  frequencies  and  small  cross- 
sections  the  deviation  from  free  air  velocity  may  be  considerable. 

From  this  follows  that  the  individual  frequencies  of  a  frequency 
mixture  suffer  different  phase  shifts  and  attenuation.  This 
results  in  dispersion.  Therefore  the  rise  and  decay  times  of 
pulses  in  fluidic  transmission  lines  are  increased. 

In  ref.  2,  24,  25  and  26  measurements  have  been  carried  out 
which  show  excellent  accordance  between  theory  and  practice. 

In  Fig.  4.18  and  4.19  pressure  transfer  functions  are  shown 
for  a  circular  and  rectangular  duct  for  blocked  load  conditions. 

For  the  line  with  circular  cross-section  karsm  (ref. 27)  developed 
a  high  frequency  model  for  (^>2^  that  may  be  very  helpful  wien 
a  computer  is  not  available.  The  line  parameters  in  slightl^ 
modified  notation  are 
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mmmh 


Prom  this  the  unit  phase  shift  and  attenuation  become 


(4.44) 


4. 

P>. 


1  /.  .  K.H  icoio^’  , 
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60 

^Q. 


For  the  line  with  rectangular  cross-section  until  now  no 
approximations  are  available. 

In  ref.  25  Shearer,  however,  shows  that  the  equations  (4.59) 
end  (4.40)  for  the  line  with  circular  cross-section  can  be 
applied  to  the  line  with  rectangular  cross-section  using  the 
hydraulic  radius  with  good  accuracy  if  the  aspect  ratio  is  in  the 
range  of  about  a  «  2.0  to  1.0,  resp.  a  -  C, 5  to  1.0.  It  may 
be  therefore  possible  to  use  the  equations  (4.45)  and  (4.40) 
for  the  high  frequency  approximation  of  the  rectangular  line 
in  the  range  of  aspect  ratio  mentioned  above. 


4.5.4  Hi2her_modes_in_f luidic_linea 

All  the  information  given  up  to  here  was  concerned  with  the 
fundamental  of  longitudinal  mode  of  propagation  in  8  fluid  line. 
In  ref.  28  it  is  demonstrated,  that  other  modes  of  propagation 
may  exist  in  a  fluid  line.  These  additional  modes  which  are 
called  higher  modes,  are  excited  at  the  ends  of  the  line,  or 
at  points  of  line  discontinuity,  because  the  fundamental  mode 
alone  is  generally  not  capable  of  satisfying  the  end  conditions, 
which  occur  at  these  locations.  These  modes  are  more  prevalent 
as  the  fluid  viscosity  increases  and  for  frequecies  of  engineer¬ 
ing  interest,  do  not  propagate  far  from  the  point  of  exitation. 
For  long  transmission  lines  and  low  frequencies  the  effect  of 
these  modes  may  be  generally  neglected,  for  short  lines,  however, 
it  may  not  be  neglected. 

Fig.  4.20  shows  typical  velocity  profiles  for  four  modes.  In 
Fig.  4.21  and  4.22  the  spatial  attenuation  factor  as  a  function 
o 1  radial  frequency  number  is  plotted, 

r-  60  To 

where  rnr  =  — —  radial  frequency  number 

Dnr  -  — ^  radial  damping  number  . 

(<x 

It  is  clearly  to  be  seen  that  up  to  a  critical  frequency  the 
attenuation  factor  of  the  higher  modes  is  large  compared  to 
that  of  the  Oth  mode,  so  that  the  higher  modes  can  be  neglected. 
Above  the  critical  frequency  the  attenuation  factor  of  the 
higher  modes  becomes  smaller  than  that  of  the  Oth  mode.  This 
effect  is  similar  to  that  in  hollow  wave  guides  in  microwave 
techniques.  *or  a  transmission  line  with  a  diameter  of  5  mm 
the  critical  frequency  for  the  first  mode  is  about  140  kHz, 
and  for  a  line  of  D  ■  10  mm  about  45  kHz.  These  considerations 
indicate  the  possibility  of  transmitting  fluidic  carrier  fre¬ 
quency  signals  at  higher  modes  with  less  attenuation  than  found 
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Fig.  4.20  Axial  velocity  profile  function 
for  four  moder 


Fig. 4* 21 


Spatial  attenuation  factor  as  a  function  of 
radial  frequency  number  for  three  modes 


Fig. 4. 22 


Spatial  attenuation  factor  as  a  function  of 
radial  frequency  number  for  first  mode 
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at  the  Oth  code. 


4.4.5  i5£iy®2£«_2£_§HE£EE22S£_££l£i£! 

Little  knowledge  presently  exists  about  the  influence  of  signi¬ 
ficant  dc-flow  oh  the  frequency  behaviour  of  a  transmission  line, 
in  ref.  30  Brown  applies  the  method  of  characteristics  to  cal¬ 
culate  quasisteady  wall  shear  on  unsteady  flowintubes.  Tne 
work  is  based  on  ref.  2 9  in  which  Zielke  shows  that  the  method 
of  characteristic  can  be  adapted  to  handle  frequency-dependent 
wall  shear.  In  ref. 31  the  investigations  of  ref.  30  are  extended. 
The  results  of  semiempirical  analytical  and  experimental  studies 
of  the  acoustic  frequency  response  of  circular  tubes  with  a 
mean  turbulent  flow  are  given. 

The  influence  of  dc-flow  is  considered  by  taking  into  account 
the  velocity  profile  for  different  Reynolds  numbers.  So  a  con¬ 
stant  parameter  (I-R-C)  model  for  frequencies  considerably 
below  is  establishes  with 

(4.45)  2  '  =  J  +  j  wL 

(4.46)  Y  '  ~  J  l>0  vc  Cji  , 


The  resistance  is  found  from  the  widely  established  data 

for  the  friction  factor  f  (see  chapter  3.1)  as 


2  f  A*  De  • 


The  incuctance  L  is  calculated  on  the  basis  of  the  velocity 
profile  depending  on  Reynolds  number. 


(4.48) 


l'  = 


fvcLA  )* 


where  is  given  in  Table  2. 

The  capacitance  vt  Ca  is  the  isothermal  capacitance. 


Reynolds  number 

**■  '  L 

Laminar  flow 

V3 

2500  (turbulent) 

1.113 

104 

1.041 

105 

1.020 

10fo 

1.012 

107 

1.008 

OO 

1.000 

Table  2 


This  low  frequency  model  is  extended  for  high  frequencies. 


4.6  Nonuniform  transmission  lines 


Considerable  work  has  been  devoted  to  the  nonunifora  transmission 
line  in  electronics  and  acoustics,  where  those  tapered  lines  are 
used  as  impedance  matching  elements  between  systems,  filters 
and  pula  transformers.  A  comprehensive  collection  of  literature 
can  be  found  in  ref.  32. 

All  these  investigations  are  limited  to  lines  with  small  taper 
and  negligible  losses.  For  electrical  and  acoustical  lines  this 
turns  out  to  be  sufficient.  Because  of  dc-flow  influence  in 
fluidic  transmission  lines  solutions  obtained  can  only  be  applied 
to  fluidic  transmission  lines  with  blocked  load  conditions  or 
no  dc-flow.  Until  now  there  is  no  general  solution  for  the  loss¬ 
less  nonuniform  transmission  line  with  arbitrary  shape.  One  of 
the  few  nonuniform  lines  where  a  mathematical  solution  is  possible 
is  the  exponential  line  (exponential  horn  in  acoustics). 

Neglecting  the  losses  we  obtain  for  a  short  length  of  the  non- 
uniform  line 

(4.45)  |p-  =  -j  m 

(4.46)  =  -J 


Assuming  that  the  inductance  and  the  capacitance  change  exponen¬ 
tially 


.  i  .  <  k  i 

(4.47)  Ld)=L0e 

r\  .  /-•  -ki 

(4.48)  C  (z)  =  C0  c 

the  pressure  and  flow  distribution  along  the  ..ossless  exponential 
transmission  line  are  found  a a 


(4.49) 

p  =  a,  t  1  +  a2  e* 

if*1 

(4.50) 

.  _  a,  a*. 

ry)  =  2"  e  1  +  —  e 

c„i 

where 

(4.51a) 

•  <  '  ki 

->  |  to  L*  e 

'  V  -  ,  „ 

Jr*  *  i k 

(4.51b) 

P*  =  fo2-  i  k2  with  ^  = 

Uj 

^ ' 

For 


ku^/i 


Z0  1,2 

(4.52) 


approximately  is  a  pure  resistance 


where  A .  input  cross-section  of  the  line. 

If  the  line  is  loaded  at  it  end  by  a  resistance 


the  main  wave  is  fully  absorbed  and  the  line  is  matched.  The 
input  resistance  then  becomes 

=  ^ oi  • 

The  line  acts  as  a  transformer  that  transforms  the  load 
resistance  Z ^  to  the  resistance  ZQ^. 

The  line  v?ill  be  matched  for  frequencies  which  are  about  three 
times  the  cutoff  frequency  L  =  k 

T  hi r  ‘ 
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Such  an  exponential  born  has  been  used  in  ref.  33  for  a  fluidic 
circuit  in  order  to  match  the  sending  and  receiving  amplifiers 
to  a  long  transmission  line  with  a  diameter  of  3*5  to  36.0  mm. 

For  nonuniform  lines  where  no  mathematical  solution  is  known, 
the  line  can  be  approximated  by  a  number  of  uniform  lines  (ref. 
34,35) »  as  indicated  in  Fig.  4.23. 

Experimental  results  show  good  agreement  between  theory  and 
practice  for  tne  acoustic  case  (no  dc-flow,  blocked  load) 

(ref. 35). 

For  dc-flow  the  pressure  increase  or  decrease  caused  by  the 
varying  cross-section  has  to  be  considered.  This  is  possible 
by  introducing  the  cross-sectional  resistances  rs  =•  /*ii) 

at  the  points  where  two  uniform  lines  are  connected.  For  the 
acoustic  case  the  cross-sectional  resistances  become  zero(^t-o). 

In  ref.  9  the  transmission  line  parameters  for  a  short  length 
of  these  equivalent  uniform  lines  have  been  redefined  for  a 
straightwalled  tapered  line  (see  Fig.  4.24),  wnere 


(4.53a)  re  *  K. 
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(4.530 

The  surge  impedance  for  the  lossless  equivalent  line  follows  as 


(4.54) 


=  £a  J  2(  /»)  ^  Ji  _ 

A<  I  (£f  -  1  <4,ff 


and  the  effective  aspect  ratio  is  defined  as 


In  ref. 9  »  number  of  different  straight-walled  nonuniiorm  lines 
has  been  investigated  under  different  load  conditions  and  for 
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Pig. 4. 23 


Approximation  of  a  nonuniform  tranamission 
line  by  uniform  line  segments 


ri&l  LeM 


-* —  hi 


Fig. 4. 24 


Equivalent  circuit  of  a  short  length  of 
nonuniform  transmission  line 


different  dc-flow  rates.  Under  blocked  load  conditions  agreement 
between  tneory  8nd  exp  ''iment  was  extremely  good.  Under  finite 
load  conditions  agreement  differed  rather  much  with  the  rodel. 

It  is  supposed  that  number  n  of  segments  taken  for  simulation 
has  been  too  small.  The  highest  number  of  segments  has  been  lu. 

In  ref.  52  a  numerical  simulation  of  nonuniform  electrical  trans¬ 
mission  lines  for  a  claimed  calculation  accuracy  has  been 
evaluated.  Results  show  that  the  number  of  segments  necessary 
may  differ  from  some  10  to  some  1000  for  an  accuracy  of  10'3 
for  the  reflection  coefficient.  The  number  of  segments  necessary 
is  determined  by  the  computer. 

It  should  be  therefore  worthwnile  to  apply  this  computer  simul- 
tation  of  ref. 52  to  the  problem  of  the  nonuniicrn  transmission 
line  using  the  equivalent  circuit  of  Fig.  4.24. 


5. 

AC-Circuits 

5.1 

Signal  transfer  on  a  transmission  line 

considering 

the  reflection  coefficients  at  the  end 

and  the 

beginning  of  the  line 

In  real  fluidic  circuits  the  transmission  line  is  fed  by  a 
pressure  source  p  with  an  internal  impedance  Z. .  At  its  end 
it  is  loaded  by  a^load  impedance  ZL  (Fig.  5.1). 

The  pressure  and  mass  flow  distribution  alone  the  line  are 
given  by 


(5.1) 


2o  _ 
+  P  o 


-f«* 

e 


1  -gT]  e'2f'( 


O  -ft* 

(5.2)  mii)  =  e 


1  i  and  J\  are  the  reflection  coefficients  at  the  beginning  and 
at  the  end  of  the  transmission  line 


(5.5)  r  = 
4 


Pressure  and  massflow  at  the  end  of  the  line  become 
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,  .  V  il4  I  2 

r1"*?’  2.,i;c  ,.rr.-W 

*  f  2-  ^ 


(5.5)  ™  -  =  *w(f  )  =■  L-C 

2t  + 


-r<* 


i-rin^r'i  . 


If  the  line  is  matched  at  the  end(r^=oJwe  see  that  pressure 
and  massflow  rate  become 


(5.6)  r<o-ra-2ffr/r,( 

.  ,  ,  l°Q  ~  f4  l 

(5.7)  =  r+T  e 

+  £  t> 

If  the  line  is  matched  at  the  beginning  fTJ-Ojwe  obtain 

(5.8)  p(()  -  j  f>Qe'r,<(<  +  rJ 

(5.9)  m(ti~  i  #  c'r,i. 

o 


I 


5.2  Nonlinear_comgonent8 
5.2.1  AC-behaviour  of  nozzles 


The  dc-behaviour  of  nozzles  is  described  in  chapter  3.2.1. 

In  order  to  determine  the  ac-behaviour  of  the  nozzle  we  assume 
that  the  operating  point  is  fixed  by  a  certain  dc-flow  and  that 
a  small  cc-signal  is  superimncsed .  The  resulting  pressure  and 
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flow  variations  determine  the  ac-resistance  of  the  nozzle.  #e 
thus  linearize  the  nonlinear  resistance  in  its  operating  point. 
Out  of  equation  (3.18)  we  have  the  relation  between  flow  rate 
tnrough  a  nozzle  and  the  pressure  difference  across  the  nozzle 
for  an  incompressible  or  low  compressible  medium  (see  Fig.  5.2). 


(3.18)  m 


2.  f  Cp,*-p2») 

i-(^1 

\A  ,/' 


Tne  maa8llow  m  through  a  subsonic  orifice  is  to  a  good 
approximation  given  by  ref. 3  as 


~  H  J MiHisad  ,  iS  p,.  fg 

'  ,"4' 1  fit!  U‘ 


\T,) 

Taking  to  total  differentials 

.  x  /  •  2m  i  i.  ,  am  j  *■ 

(5-u)  cU  =  wdP< 


one  finds  similar  to  ref.  5 


,  ,  •  ■  I  ^VfV'  P,‘  dpz‘ 

I  f,  r(JTj '  k  ‘Iff -> 


where 


(5.13)  mo  = 


i 


is  the  dc-massflow  rate. 

Equation  (5.12)  can  be  written  as 


(5.14)  dm 


m. 


clp ,  - 


m , 


2  (fi-fit)  Pi 


(z~  )dp‘ 


which  can  be  interpreted  by  the  equivalent  circuit  in  Fig.  5.3. 
The  dynamic  nozzle  resistance  in  Fig.  5.5  is 
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dpJ2- 


Pig. 5. 3  AC-equivalent  circuit  of  the  dynamic  nozzle  resistance 


dm  rn  =  2  Rn 


Fig. 5. 4  AC-equivalent  circuit  of  a  nozzle  for  the 
critical  pressure  ratio 


Fig. 5. 5  AC-equivalent  circuit  of  a  nozzle  for  small  overpressures 


Fig. 5. 6  AC-equivalent  circuit  of  a  nozzle  for  constant 
exit  pressure 
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(5.15)  r  =2  -  2  /?n 


v;nich  means  that  r0  is  twice  of  the  value  of  the  dc-resistance 
in  the  operating  point. 

It  should  be  noted  that  when  P, ’“/ P2 —  2.  ,  greater  than  the 
critical  pressure  ratio  there  is  no  influence  of  dp2  on  the 
flow  rate.  Flow  changes  are  only  effected  by  the  upstream 
oressure  dp-,.  The  equivalent  circuit  of  Fig.  5*5  reduces  to 
that  in  Fig.  5.4. 

For  small  pressures  above  athmospheric  pressure  pQ 

p,  x:  P-,  p  we  obtain  — —  1 

P2 


and  the  equivalent  circuit  reduces  to  that  in  Fig.  5*5* 

For  low  pressure  fluidic  circuits  the  equivalent  circuit  of 
Fia.  5-5  will  be  sufficient. 


5 . 2 . 1 . 1  Constant  _nozzle_exit_2ressure 


For  constant  nozzle  exit  pressure  p^  ■  const,  the  equivalent 
circuit  further  reduces  to  that  in  Fig.  5-6. 

This  for  instance  is  the  case  where  the  flow  of  the  terminating 
nozzle  discharges  into  free  atmosphere. 

The  dynamic  nozzle  resistance  for  this  case  can  be  expressed  as 


n  =p'+  • 

The  dynamic  resistance  is  referred  to  the  surge  impedance  of 
the  lossless  transmission  line  . 

For  we  obtain  a  very  useful  thumb  rule 


(5.16) 


Considering  the  compressibility  the  expression  becomes  more 
complicated.  For  adiabatic  condition  follows 
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30  mb 


1  i  0.42mm 


I,  =  150  mm 


p2  *50  mb 


10  mb  S 


oa  »  test  points 


Pressure  transfer  functions  of  a  transmission  line 
loaded  by  a  nozzle 


The  evaluation  of  equ.  (5-17)  is  shown  in  Pig.  5.7  (ref. 2).  The 
dimensionless  nozzle  resistance  is  plotted  against  the  dimension¬ 
less  dc-pressure.  The  ratio  of  the  cross-sections  is  used  as 
parameter.  It  can  be  seen  that  for  a  given  dc-pressure  the  line 
is  only  matched  (r„-2sot)  at  a  distinct  area  ratio. 

Fig.  5*8a  and  5.8b  show  the  results  of  experimental  investigations 
which  are  in  high  accordance  with  theory,  (ref. 2) 


5 . 2 . 1 . 2  Y5£Ji5B_5255i*_®*i$_E£6Ssur a 

A  typical  example  for  a  nozzle  with  varying  nozzle  exit  pressure 
is  the  input  nozzle  of  a  beam  deflection  amplifier  (Fig.  5.9). 
with  increasing  pressure  p,  the  beam  is  deflected  and  thus  the 
nozzle  exit  pressure  decreases.  If  we  assume  a  linear  relation¬ 
ship  between  dp^  and  dp2  for  small  deflection  angles 

(5.18)  cLfz^-CcLpi 

the  nozzle  resistance  is  found  as 

(5.19)  rn  =  ^  - 

dry)  /]  f 

where  is  the  steady  state  resistance. 

For  small  overpressure  equation  (5.19)  reduces  to 

C5'20)  r"  =  ■ 

Fig.  5-10  demonstrates  the  influence  of  £  on  the  dynamic 
resistance.  For  constant  exit  pressure  (r=o)  the  characteristic 
of  the  resistance  is  represented  by  the  tangent  in  the  operating 
point,  tfith  increasing  £  the  slope  of  the  dynamic  resistance 
becomes  steeper  and  for  C  =  1  the  dynamic  resistance  is  equal  to 
the  dc-resistance. 

The  differential  or  dynamic  input  resistance  of  a  beam  deflection 
amplifier  in  push-pull  operation  can  be  determined  from  the  dc 
input  characteristics  measured  for  constant  input  pressure  dif¬ 
ferences  indicated  in  Fig.  5. 11. 

For  pure  push-pull  operation  we  can  seperate  the  input  pressures 
into  a  common  mode  pressure  and  differential  mode  pressure 
A  Pg,  where 
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dl f ftrfntial  control  curvt 


Pig. 5* 11  Input  characteristics  of  a  beam  deflection 
amplifier 


Fig. 5. 12  Jet  receiver  nozzle 


Fig. 5. 13  51®ulation  of  a  jet  receiver  nozzle 


'E  1  pE  “  ^Pe/2. 

(5.21) 

;e<  =  Fe  "  ^Pe/i 

Care  has  to  be  taken  that  the  common  mode  pressure  "pg  remains 
constant  during  the  measurement  of  the  input  characteristics 
for  the  single  pressure  differences  pE|  -pE2  •  30  when  decontrol 
port  pressure  is  increased  the  other  has  to  be  decreased  the 
same  amount,  keeping  the  average  of  the  two  at  the  fixed  bias 
or  common  mode  pressure. 


5.2.2  AC-behaviour_of_diffusers_and_ jet_receiver_nozzles 

For  ac-behaviour  the  diffuser  behaves  as  a  nonuniform  transmission 
line  which  has  been  discussed  in  chapter  4.6.  The  Liet  receiver 
nozzle  can  be  interpreted  as  an  ac-pressure  source  with  an  in¬ 
ternal  resistance  rL  according  to  chapter  3.2.5  by  the  relation 

(5.22)  p  =  fa  -  rt  ™ 


Mere  r;  differential  internal  resistance. 

In  fluidic  circuits  it  will  be  important  to  determine  the  Dressure 
transfer  function  Pc/Pq  according  to  equ.  (5.4) and  (5*5)  and 
Fig.  5.1.  It  is  obvious  that  this  is  not  possible  for  an  arranee- 
ment  in  as  shown  in  ^ig.  5.1.  b.  It  is  therefore  convenient  to 
simulate  the  receiver  nozzle  by  an  abrupt  nozzle  as  snown  in 
rig.  5.15.  The  source  uressure  can  be  directly  measured  before 
this  nozzle  (ref.  9). 

A  total  agreement  with  the  arrangement  of  Fig.  5.1  a  can  not 

be  expected  because  to  velocity  profiles  at  nozzle  inlets  will  be 

different. 


5.5  kinear_lumped_ components 

5.3.1  Ihductor_and_cagacitor_(  ref  _1_24i3fc) 

T'sing  the  surge  impedance  and  the  propagation  factor  we  are  able 
to  calculate  the  input  impedance  of  a  uniform  transmission  line 
with  arbitrary  load  impedance  (vig.5.14). 

01  special  interest  are  the  blocked  and  the  short  circuited  line 
("ig.5.15). 

The  input  impedance  of  the  short  circuited  line  results  in 
(5.25)  Wfo  =  2rj  ( 
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[#] 


Fig. 5. 16  Equivalent  circuit  of  short 

a)  short-circuited  line,  b)  blocked  line 


and  the  input  impedance  oi  the  blocked  line  in 


(5.2*)  M,x 


£  o 


to  v\  in 


tie  may  expand  the  nyperbolical  tangent  per  small  argument  and 
obtain  under  the  conditions 


(5.25)  4  i 


that  the  short-circuited  transmission  line  may  be  represented 
by  its  series  impedance  (Fig. 5- 16a) 


(5.26)  lA/10  -  Pij'oL 


and  the  blocked  line  by  its  shunt  admittance  (5.1fcb) 


(5.27) 


A_ 

(~i  *  I  iaj  CT 


The  short  circuited  line  therefore  behaves  as  a  lossy  inductor 
and  tne  blocked  line  as  a  lossy  capacitor. 

Fig.  5*17  shows  the  geometrical  conditions  under  which  lumped 
components  can  be  realized.  It  is  assumed  that  the  complex 
deviation  of  the  lumped  components  may  not  exceed  lib.  For  a 
frequency  of  100  Hz  we  permit  a  tube  length  of  10G  mm.  For  a 
frequency  of  1  kHz  this  maximum  permissible  length  is  reduced 
to  10  mm. 

In  electrical  engineering  the  ratio  of  absorbed  wattless  power 
to  absorbed  wattful  power  is  commonly  called  energy  factor 
Q  is  the  reciprocal  of  the  loss-factor  tan  h  .  In  the  case  of 
the  capacitance  it  is  the  ratio  of susceptance  to  conductance 
and  in  the  case  of  the  inductance  it  is  the  ratio  of  reactive 
to  active  impedance. 

(5.28)  Qt  -  ^ 

(5.29)  0L  = 

In  Fig.  5.18  the  energy  factor  0  of  the  capacitance  and  the 
inductance  is  plotted  as  a  function  of  the  dimensionless 
frequency  f/fy>  . 

Because  of  their  relatively  large  cross-sections  tne  dimension¬ 
less  frequencies  of  technical  capacitors  are  of  the  order  of 
1/fy  »  1000.  This  means  they  can  be  regarded  as  adiabatic. 

The  Q  is  about  100-200.  The  dimensionless  frequency  of  technical 
inductors  is  about  50-100.  From  this  we  find  that  the  Q  of  an 
inductor  is  about  10-20. 

The  calculation  of  ^  for  the  inductor  has  been  carried  out 
considering  only  the  frequency  dependent  laminar  resistance. 
Equation  (5-29)  therefore  is  only  valid  if  flow  development 
can  be  neglected  e.g.  small  or  vanishing  dc-flow.  How  to  con¬ 
sider  the  series  resistance  of  the  inductance  due  to  flow 
development  and  chancre  in  cross-section  is  shown  in  chapter 
5.5.2. 
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Fig. 5*17  Geometrical  conditions  for  lumped  components 
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Fig. 5*18  Energy  factor  of  capacitors  and  inductors 


Vor  very  short  inductors  the  exit  correction  term  oi'  acoustics 
has  to  be  taken  into  account. 

Caused  by  the  resonating  mass  of  the  surrounding  medium  an 
apparent  elongation  of  the  inductor  by  2  £  1  -A/fc  results. 

Using  tnis  the  adiabatic  inductor  becomes 

(S.'SO)  La  =  Jf  +■  £  f~)  . 


3-3.2  Resonant_Circuits 

fie.  5.19  shows  a  fluidic  resonator  using  a  iiuidic  inductor 
and  capacitor.  The  signal  passes  the  resistance  R/  and  reacnes 
a  lossy  capacitance.  In  parallel  to  the  capacitance  we  find  a 
lossy  inductance.  The  shunt  capacitance  is  represented  by  a 
volume  and  the  inductance  by  a  snort  circuited  line. 

This  type  of  resonator  in  acoustics  is  known  as  Helirholtz- 
resonator.  Fite.  5-20  shows  the  pressure  transfer  function. 

The  resonance  frequency  is 


(p-31)  f0  = 


2: rifTc'  ■ 


Tne  energy  factor  Q  can  be  determined  as  quotient  of  resonance 
frequency  to  bandwidth 


(9.32)  Q  = 


_  A £ 


The  4  of  the  resonance  circuit  can  oe  calculated  oy  aciinx  the 
reciprocals  of  the  single  y  factors 
,  .  I  *  A 

Qc. 

This  means  that  the  loss  factors  must  be  added.  In  any  case 
the  Q  of  the  resonator  will  be  smaller  than  the  ^  01  tne  single 
element.  From  cnapter  9*3.1  we  know  that  the  w.  ol  tne  capacitor 
's  about  10  times  higher  than  that  of  the  inductor.  Therefore 
a  Q  of  10-2^  can  be  expected  for  the  resonator.  This  is  only 
valid  as  Ion*  as  resistance  R„  is  so  high  that  it  does  not  in¬ 
fluence  the  Q  of  the  resonator. 

Usually  in  a  real  circuit  the  internal  resistance  r,  of  the 
generator  feeding  the  resonator  and  the  load  resistance  can  not 
be  neglected  (Fie.  5.21). 

Assuming  a  Q  ol  more  than  IOC  the  loss  resistance,  in  parallel 
to  the  capacitance,  will  be  large  compared  to  the  loading  re¬ 
sistances.  So  tne  resulting  energy  factor  of  the  capacitance 
will  oe  determined  only  by  r.  and  r.  . 

(5.}»)  Q _  = 


9c <-  ]L 


7mere  9.  =  —  and 
r, 


Prom  this  the  resulting  Q  of  the  loadel  resonator  becomes 
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2  70 


(5. *5) 


Q 


±  L 

Qe 


re  6 


5.3*3  Low_ga  s  s_f  liters 

5. 3- 3.1  RC_low_gass_f liters 


The  design  of  fluidic  filters  should  take  care  ol  the  fact 
that  the  input  resistance  of  fluidic  amplifiers  are  relatively 
low  due  to  flow  control.  Tnerefore  it  should  not  be  tried 
to  copy  electronics  but  to  find  solutions  which  consider  the 
peculiarity  of  fluidics. 

For  voltage  controlled  amplifiers  in  electronics,  e.g.  valves, 
a  low  pass  arrangement  as  snown  in  Fig.  5.22  is  senseful.  The 
transfer  characteristic  will  not  be  influenced  by  the  high 
input  resistance  of  the  valve  for  a  proper  design. 

In  an  equivalent  RC-network  in  fluidics  (Fig. 5.23)  the  low 
input  resistance  of  the  amplifier  will  change  the  transfer 
characteristic  of  the  unloaded  filter 


(5.36)  -P- 
P* 

to 


_4 _ 

4  +  I  u3  r  C 


(5.37)  #  =  — 

P i  rc  f  r 


The  break  frequency  then  is  found  as 

A 


(5.38)  =  r 


rc  t  r 


c 


its 

rc  ■ 


The  influence  of  the  resistance  of  the  control  input  on  the 
break  frequency  can  be  minimized  by  introducing  a  series 
resistance  as  indicated  in  Fig.  5.24. 


(5.39)  P  = 

P» 


Pc _ 

rc+r  +  rs 


4 


(  r c  t  r)  r 

rc  +  r+  rs 


vor  very  low  input  resistance  r  (r  <<r)  the  series  resistance 
r  is  chosen  equal  to  r.  The  transfer  characteristic  then 
follows  as 


(5.40) 


I 


1 


ft 


with  r  r,  r_  and  r  ■  r 

C  8  8 
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5. 3. 5.2 


RL—low_pasB_r liters 


An  arrangement  which  is  matched  to  the  flow  control  is  the  RL- 
low  pass  filter  in  Fig.  5-25  (ref. 9). 

The  massflcw  rate  n.  controls  the  input  for  the  following 
amplifier.  ««  long  as  the  length  of  the  line  is  small  compared 
with  the  wavelength  of  the  operating  frequencies  the  arrange¬ 
ment  of  Fig.  5-25  can  be  described  b,y  the  network  in  Fig.  5.26. 
p 2.  take  into  account  the  varying  nozzle  exit  pressure  as  dis¬ 
cussed  in  chapter  5-2. 1.2.  The  dynamic  resistance  r  is  composed 
of  the  nozzle  resistance  r^  ,  the  resistance  due  to  profile 
development  r^tv  *  kr4,  and  the  laminar  resistance  . 

Assuming  the  linear  relationship  between  p„ and  p2  in  equ.  (5*18) 
Pp  ■  - f and  only  small  overpressures  the  massf low  rate  at 
tne  amplifier  input  is  found  as 


(3. hi)  m 


-P- 

r  + 


A*  € 


A 

* 


For  a  line  length  wnich  is  longer  than  the  length  of  flow 
development  the  break  frequency  becomes 

(5.42)  f  -  -litOd  +  ( 

where  r  -  +  Rlam,  L  •  \ 

ti  ■  ^  transport  time  in  the  channel 
fy  -  characteristic  freauency 


In  most  cases  the  line  length  is  smaller  than  the  length  of 
flow  development.  Using  equ.  (5.15)  the  dynamic  resistance  r 
for  a  device  with  rectanrular  cross-section  is  obtained  as 


(5.43)  r 


SJ 


CU  I  V  j  (  rn  V1 

fo?  Af  \  Ly  I 


The  break  frequency  follows  as 


(5.44)  fE 


5 . 5 •  3  •  3  RCL— low__gass_ril^ er_£ref ^2} 


The  low  pass  characteristic  of  the  arrangement  described  above 
can  oe  made  steeper  by  adding  a  capacitor  as  shown  in  Pig.  3.2? 
thus  obtaining  a  second  order  system. 

Trie  equivalent  circuit  is  given  in  Pig.  3.28. 

:o  avoid  additional  aeries  resistances  r  to  the  capacitor  the 
coupling  hole  has  to  be  taken  as  large  as  possible.  The  con¬ 
ductance  of  the  capacitor  usually  can  be  neglected. 

The  massflow  in  tne  inductance  results  as 


(3.43)  a*  f 


J±- 

la-tn 

1*  C 


LU^.  ih.  l£ 

(t  j'w  iJL  c  -  ^  — - 

rL  r^rL 


LC 


if  r  can  be  nealected. 
c 

Por  neglicable  pressure  variations  at  the  nozzle  exit 
we  obtain  a  pure  second  order  systems  where 


(5.4b) 


fVO 


I-  n 


D  =  z 


_L 


|E? 


•jT1 


ro  +  r()/r0 

1 1  £  is  not  neglicable  a  PD-term 


resonant  frequency 


damping  ratio. 

with  a  break  frequency 


(-3.4?)  f£ 


/I 

r~C 


becomes  effective,  which  lowers  the  steepness  of  the  filter 
above  that  break  frequency  defined  in  equ.  (3.64). 

Measurements  at  RL  and  RLC  filters  have  been  made  in  ref.  9. 

Some  applications  in  carrier  frequency  systems  can  be  found 
in  ref. 3?,  where  also  methods  of  coupling  the  capacitor  are 
discussed . 

RL  and  RLC-filters  are  aopropriate  for  integrated  circuits 
where  Dres.'.frequencies  of  some  hundred  hertz  are  needed. 

For  oreakfrequencies  below  hundred  hertz  HC-low  pass  filters 
have  to  be  used.  Equation  (5-60)  shows  that  the  lowest  break- 
frequency  for  a  Rl-filter  will  be  f  =  t/  .  For  room  temperature 
we  find  — .  Wd  .  his  nearfs  for  a  channel  of  G.3  nur2- 

'  A  (rm 

ci*.  ss-section  that  the  lowest  oreakf requency  would  be  f  **■  120  Hz 
ii  the  transport  time  is  negligible. 
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THEORY 


EXPERIMENT 
24  5°C.  994  mbir 


5.4 


^  i  1  ters_u«  ing_mu  1 1  i.ple_  branc  hed_  t  r<3  nsmi  ssion_Iitje  s 


In  ref.  •‘■ti  honl  proposes  to  use  multiple  branched  transmission 
lines  as  fluidic  low-pass,  nign-pass,  band-pass  and  band-stop 
l ilters. 

Fig.  5.29  demonstrates  the  computer  aided  optimization  of  a 
lowuass  filter  configuration.  In  Fig.  5-?9a  the  two  blocked 
loaded  lateral  transmission  lines  cause  a  relatively  sharp  cut¬ 
off  combined  witn  a  good  signal  attenuation  in  the  Irequency 
range  from  6  to  4  kHz.  This  range  coincides  with  the  range  oi 
rrinitral  input  impedance  of  the  lateral  lines.  For  lreauencies 
where  1  *  \/4  a  blocked  line  has  its  minimum  input  impedance, 
using  eau.  (5.24)  for  a  blocked  line  the  input  impedance  results 
as 


(5.24)  v-/4a0  = 


z i  o 

*3-1  h  p  t 


Assuming  a  lossless  transmission  line  where  ^  =  ,i@  *  J  —  , 

tne  input  impedance  of  a  blocked  line  at  1  *  A./ 4  vanisnes. 

Tne  proper  location  of  the  lateral  lines  is  investigated  experi¬ 
mentally  by  a  computer  programme.  The  reduce  the  peak  at  nigner 
frequencies  a  blocked  line  with  stepped  cross-section  is  intro¬ 
duced.  This  configuration  gives  a  lower  input  impedance,  when 
oscillating  on  a  k  /4  wave  length,  compared  tc  lines  with  uni¬ 
form  cross-sections.  This  blocked  line  with  stepped  cross-section 
can  be  interpreted  as  a  Helchoitz-resonator .  The  result  in  Fig. 
5.29b  is  a  very  good  low-pass  filter  with  a  low  signal  attenuation 
in  the  oass-band,  a  very  shsrp  cut-oif  behaviour  and  a  very  hi^-h 
signal  attenuation. 

Ii  the  low-pass  filter  geonetry  is  enlarged  by  a  scaling  lactor 
of  two.  we  met  tne  characteristic  of  a  low-pass  filter  with  half 
the  cut-off  freauency  -;'ig.  5.29c).  Tie  frequency  behaviour  of 
this  filter  can  be  improved  by  introducing  a  third  blocked  line 
as  snown  in  ^ig.  -?.29d. 

The  low— phss  configuration  oi  rig.  nas  Deen  investigated 

exberimentall’w.  Fig.  5-5C  shows  the  results  compared  with  theory 
in  the  frequency  range  from  C  -  4  kuz. 


The  way  of  using  line  branching  systems  for  filtering  tecnnique 
seems  to  be  very  promising  as  to  their  high  attenuation  in  the 
stop-band  and  low  attenuation  in  the  pass-band  compared  with 
r 0 ,  Ki  and  HLC-f i Iters .  It  seems,  however,  that  they  will  be 
restricted  to  frequencies  of  some  kilohertz  because  tneir 
geometrical  dimensions  will  become  too  large  for  frequencies 
of  seme  hundred  Hertz,  'or  a  frequency  of  IOC  Hz  k/ 4  is  about 

t.,85  m  for  air.  So  the  main  application  will  be  in  carrier 
frequency  systems  with  carrier  frequencies  of  some  kilonertz 
or  as  noise  iilters. 
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to.  Pu  Is®  s_in_riu±di  c_neitwor^s 

Like  in  electronics,  pulse  distortions  on  transmission  lines  in 
digital  fluidic  networks  are  determined  by  the  line  characteris¬ 
tics  as  well  as  by  the  load  impedance,  tfhen  rise  times  are  less 
than  the  propagation  time  on  the  transmijBion  line  reflections 
from  the  beginning  and  the  end  of  the  line  cause  distortions. 

lines  with  linear  load  and  source  resistance 


The  transmission  of  sinusiodal  signals  on  uniform  fluidic  trans¬ 
mission  lines  has  been  investigated  theoretically  and  experi¬ 
mentally  with  success.  From  this  the  problem  for  periodic  trape¬ 
zoidal  pulses  can  be  handled  without  difficulty. 

Lsing  Fourier  analysis  the  periodic  trapezoidic  pulses  can  be 
separated  into  the  harmonics.  Each  of  those  harmonics  suffers  a 
certain  phase  shift  and  attenuation  along  the  transmission  line. 

At  the  end  of  the  line  the  sing1  harmonics  are  superimposed 
attain. 

Fig. to. 1  shows  the  equivalent  circuit  for  a  fluidic  transmission 
line  which  is  fed  by  a  source  pQ  with  an  internal  impedance  Zi 
and  terminated  by  the  impedance^Z..  The  characteristic  impedance 
of  the  line  is  Z  ,  the  propagation  factory,  and  the  line  length  1. 
Propagation  factor  and  characteristic  impedance  depend  on  fre¬ 
quency  and  cross-section  (see  chapter  4.5).  *e  assume  that  the 
source  impedance  and  the  load  impedance  are  linear  so  that 
superimposing  of  the  single  harmonics  is  permissible. 

Pressure  p  and  massflcw  m  at  the  end  of  the  line  for  a  sinusoidal 
sienal  are  given  by  equ.  (5.4)  and  (5.5)  in  chapter  5.1. 


The  Courier  ai:a .  vsi«  of  periodic  t  rapezoidic  Dulses  (c‘i.?.t..2) 
i?  •iv-n  by 


(  .  r  • 

i 


r  ’  l.f  -  .  *1  i,r\  >0  2»  i»  ii  ■+  ) 

f  / 


,r.'  "ressure  sienal  at  the  en<l  of  the  line  is  found  by  suoer- 
ir :  r.  sing  the  single  sinusoidal  signals  as 

•  .  -  ' }  -  { "  r  -  ‘  * ■*  -  *i  j  IX  un  1*  *  (z^t~  f2)i 


where  tr,^  attenuation  a--1  the  pnaseshift  are  calculated 
using  ecu.  5.4 •  )  an:  ('-.V  . 

ri~.  t.o  snows  :  r.e  computer  results  for  a  uniform  line  with 
rec-antrular  c  ross-secticr.  with  the  following  dimensions 


length  of  the  line 
c rose-spc * i ona 1  area 
aspect  ratio 


1  =  15C  -m 
A  =  ^  mtr 
a  =  6 


'The  pulse  repetition  ra^e  is  ,Cf  Hz  with  a  rise  angle  of  n  *  C.l. 
Tne  scur-e  impedance  r.as  b^en  cnosen  Z-=C  and  the  load  impedance 
has  been  changed  between  Z  /Z-  =  0,5  and  Z^/7,0 -100.  The 
influence  of  line  -ismatru  is  evident. 

For  non  nr  ear  source-  anr  mad  resistances  tne  procedure  dis¬ 
cussed  a  riovp  ir.  not  a  nr  ioable,  because  super-position  oi  signals 
is  only  valid  in  linear  networks. 

7 r.e  transient  response  oi  in: inite  or  matched  fluidic  transmission 
lines  has  her:  cub-ect  to  many  investigations,  mostly  using  ^be 
naslaoe  transform  ('ref.'--'1'.  In  ref.  45  Tsao  gives  computer  results 
tor  dead  ended  Tans:  rosier  lines  snowing  the  pressure  transient 
at  the  end  of  tne  line  and  profile  development  along  the  line. 

The  results  are  obtained  by  integrating  the  linearized  governing 
differential  equations  by  numerical  methods. 

r.P  Predicting  rulse  distortions  on  fluidic  transmission 


lines  with  nonlinear  source  and  load  resistance 


ru.  t- . e  .stows  a  transmission  line  which  is  loaded  by  a  nozzle 
arc  led  tv  a  :  ree  ,  e-  *  a4-  ir  periodically  interrupted  by  a 
no-rer  -wot  el . 

If  “he  receiver  nozr.l^  '’t  'he  beginning  of  the  transmission  line 
is  fed  by  the  free  -of  ,  it  car.  interpreted  by  a  constant 
rresrure  ~-ur~o  nit:  tm.  internal  resistance  Z^ .  If  the  .jet  is 
-.->re-«fe>~  from  'r.e  r.croie  py  the  chopper-wheel the  receiver 
r.o.crl  o inert]-  is  connected  to  the  atmosphere.  The  beginning 
oi  fh  line  i  r  snort-c  i  7’oui  ted .  The  switching  'on'  and  'oil' 
of  "he  ret  tr,eref ore  Car.  b»*  interpreted  in  the  equivalent  circuit 
fcv  a  switch  alterna • i ve  i  y  connecting  the  beginning  of  the  trans- 


free  jet 


chopper  -  wheel 


Fie .6 .4  Transmission  line  with  p *lse  generator 
eiectr.  motor  6‘ 
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pig , (  .5  Equivalent  circuit  for  a  pulsed  transmission  line 
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Fig. 6. 6  Characteristics  of  a  transmission  line  *«h 
nonlinear  load  and  source  resistance 


mission  line  to  the  atmoept ere  and  to  the  pressure  source  with 
internal  impedance  Z,  .  In  ireneral  it  will  De  necessary  to  con¬ 
sider  an  additional  Impedance  Z^1  i’or  the  line  switched  to 
atmospnere . 

The  configuration  in  Fig. 6.4  can  oe  regarded  as  a  simulation 
of  a  digital  element  leeding  a  transmission  line. 

b  .2. 1  f£6dictin5_gulse_di  stortions_on_lo8sless_f  luidic 
transmission lines_with_nonlinear_source_and  load 
resistance 


Assuming  neglimible  losses  a  very  simple  graphical  method  can 
oe  applied  to  the  problem,  the  fundamentals  of  which  have  been 
•7iver.  by  nerfreron  (ref.  59). 

In  Fig. 6. 6  the  source  and  loaded  characteristics  of  a  network 
described  by  ^i*.  b.5  are  plotted. 

The  free  ."jet  oeintr  switched  off  the  source  characteristic  is 
identical  with  the  ordinate  (short  circuit).  The  dc  operating 
points  are  A  and  A,.  For  a  lossless  transmission  line  the  surge 
impedance  becomes  pure  resistive  and  therefore  also  a  charac¬ 
teristic  can  be  plotted  in  ^ii?.  6.6. 


Pressure  and  flow  alone  a  transmission  line  result  out  of  the 
superposition  of  a  wave  travelline  in  positive  z-direction  and 
a  wave  travelline  in  neeative  z-direction  (see  chapter  4.2.2). 
Out  o 1  equations  (4.14)  and  (4.15)  we  find 


(c.5)  p*Pf*fr  f  ■  forward  (+z) 

(6.4)  m  *  r  =  reverse  (-z). 

The  forward  travel  line  iio*  *ave  is  related  to  the  forward 
travelline  pressure  wave  by  the  positive  suree  impedance  and 
the  reverse  travelling  fiow  wave  is  related  to  the  reverse  tra¬ 
velline  pressure  wave  by  the  neeative  suree  impedance. 


.»e  now  send  an  observer  alone  tne  line  who  travels  with  wave 
speed.  Travelling  in  forward  direction  ne  will  only  see  the  re¬ 
verse  travf lline  wave  where  pressure  and  flow  are  related  by 
the  neeative  suree  impedance,  ravelline  in  reverse  direction  he 
will  only  see  tne  forward  travelling  wave  where  pressure  and 
flow  are  related  ty  the  positive  suree  impedance. 


Le*-  us  consider  the  line  in  vig.  6.7  where  at  the  time  t=»t.  at 
the  locus  E  a  ctanee  occures  that  causes  two  waves  in  z  ana 
-z-direction.  The  initial  conditions  at  the  locus  E  are  to  be 
Pi  and  mr  . 

If  an  observer  leaves  the  locus  S  where  we  have  the  initial 
conditions  and  m • ,  at  the  time  t.  travelling  witn  wave  speed 
he  will  state  that  at  any  locus  of  the  line  pressure  p  and  mass- 
flow  n  are  related  by  tne  same  linear  equation  which  only  depends 
on  3urere  impedance,  travelling  direction  and  initial  conditions 
(^ee  Fiiz.t.ft). 
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Fig. 6. 7  Initial  conditions  on  a  line  at  the  locus  E 


forward 


Fig. 6. 8  Characteristics  of  a  forward  and  reverse 
travelling  observer 


Ac  will  now  investigate  tnt  case  when  the  line  is  switched  on  at 
the  time  t*u.  Tne  time  tne  wave  needs  to  travel  from  one  end  oi 
the  line  to  tne  other  results  as  ~  =  l/:ri  .  'i’he  observer  is  to 
start  at  t  =  -T  at  the  end  of  tne  line  so  that  he  reaches  the 
beginning  of  the  line  at  t  »  G,  where  the  line  is  switched  on. 

At  the  time  t  =*  -  r  Dressure  and  flow  at  the  end  of  the  line  are 
zero.  This  condition  is  described  by  the  operatine  point  (1,  -~) 
in  Pig. 6. 9-  During  tne  travel  from  the  end  to  the  beginning  of 
the  line  pressure  and  flow  are  related  by  the  characteristic  of 
the  positive  surge  impe  lance.  At  the  moment  wnen  tne  observer 
reaches  tne  bee-inning  ol  the  line  at  t  ■  G  the  jet.  is  switched 
on.  The  point  of  intersection  of  the  characteristics  of  the  surge 
imDedance  and  the  source  yields  pressure  and  massflow  rate  at 
the  time  t  «  C  at  the  beginning  of  the  line. 

The  observer  now  starts  at  the  time  t  *  0  for  the  end  of  the  line 
and  finds  pressure  and  flow  related  by  the  characteristic  of  the 
negative  surge  impedance.  The  intersection  of  the  characteristics 
of  the  load  and  the  surge  impedance  ( 1 , t  )  yields  pressure  and 
massflow  rate  at  tne  time  t  =  f  . 

Continuing  in  this  way  tne  static  operating  point  (OP)  is 
approximated  in  a  sort  of  cobb-web. 

Fig.  6.1G  shows  the  step  response  at  the  end  of  tne  line. 

Vith  the  same  procedure  the  switching-off  process  can  be  eva¬ 
luated.  At  the  time  t  ■  G  the  jet  is  switched  of  tne  receiver 
nozzle  of  the  line. 

whilst  in  Fig. 6. 9  an  overmatched  line  was  shown,  in  Fig.  6.11 
the  line  is  undermatched.  The  observer  in  Fig.  6.11  leaves  the 
end  of  the  line  at  the  time  t  =  - ?  .  In  contrary  to  the  ringing  in 
Fie.  6.10  now  the  final  value  of  the  pressure  at  the  end  of 
the  line  is  slowly  approximate::  continously  decreasing  steps. 

Out  of  the  considerations  made  above  the  procedure  to  match 
the  line  is  obvious.  As  demonstrated  in  Fig. 6. 12a  and  b  the 
characteristic  of  the  surge  impedance  has  to  cross  the  inter¬ 
sections  of  the  load  and  source  characteristics.  In  the  point 
of  intersection  the  load  resistance  is  equal  to  the  surge  re¬ 
sistance. 

It  should  be  pointed  cut  that  for  a  riven  geometry  a  complete 
matching  is  only  possible  for  a  distinct  source  pressure.  An 
increase  or  decrease  of  the  source  pressure  will  cause  mis¬ 
matching.  On  the  other  hand  a  mismatch  can  be  compensated  by 
a  proper  change  of  source  pressure. 

An  other  case  (ref. 40)  can  be  considered  in  wnich  the  transmission 
line  is  oversized  but  intersects  tne  source  characteristic  at  a 
point  such  that  the  rellected  wave  readjusts  flow  conditions 
in  the  line  to  the  linal,  sf esdy-state  vaiue  (see  Fig. 6.15)  lor 
the  switching-on  process.  Tne  oversized  lines,  because  of  tueir 
larger  internal  diameter,  will  nave  much  lower  frictional  losses 
and  pulse  distortions  than  lines  acoustically  matched  to  the 
Load  impedance. 

Care  must,  however,  he  faKen  tnat  operating  point 
is  reached  in  the  same  way  for  tr.e  switching  -  off  process. 

This  will  exactly  onlv  Dt  possible  if  the  source  resistances 
in  the  switcned-on  and  switchon  conditions  are  the  same. 

The  graphical  method  descrihert  above  is  applicable  to  arbitrary 
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pulse  trains  and  arbitrary  nonlinear  load  and  source  characteri¬ 
stics,  which  also  can  be  time  dependent.  Further  applications  of 
this  method  are  branched  and  stepped  lines.  In  general  it  will 
be  necessary  to  establish  an  accurate  time  table  for  the  fictive 
observer. 

In  Fim. 6.14a  and  6.15a  the  oscilloscope  traces  and  the  graonical 
results  are  shown  for  a  line  with  the  following  dimensions 
(ref. 41). 

1  ■  150  mm  p 

A  *  5*25  nun 
a  -  h/b  -  2,75 

The  characteristics  for  both  cases  considered  are  plotted  in 
Fig.  6.14b  and  Fig.  6.15b.  In  Fig.  6.14  the  line  is  undermatched 
and  in  Fig.  6. 15  the  line  is  overmatched. 

It  is  remarkable  that  rise  and  fall  of  the  output  pulses  are 
different,  which  is  predicted  rather  accurately  by  the  graphical 
procedure.  Due  to  the  neglection  of  friction  the  height  of  the 
output  pulses  is  overpredicted. 

In  ref. 42  this  graphical  method  has  been  used  to  investigate 
the  influence  of  the  switching  process  of  a  bistable  amplifier 
on  the  pulse  matching  at  the  amplifier  input.  By  tne  application 
of  this  method  if  could  be  shown  that  a  dynr nic  input  charac¬ 
teristic  exists  in  addition  to  the  static  characteristic. 

In  ref. 45  Keto  determines  the  area  ratio  for  which  no  reflections 
at  an  orifice  terminated  line  exist  (see  ^ig^-lb).  The  solution 
is  found  by  seeking  the  nozzle  size  that  will  sustain  the  same 
upstream  flow  rate  as  would  exist  if  the  line  were  continuous 
and  is  not  concerned  with  the  transient  reflections 


where 

Pq  source  pressure 

pressure  wave  amplitude 
P0  ambient  pressure 

Tg  source  temperatur 

T^  ambient  temperature  . 


The  assumptions  of  ref. 45  are 

a)  ideal  gas 

b)  one-dimensional  flow 

c)  inviscid  flow 

d)  subsonic  flow 

e)  homenercric  flow 

f)  inelastic  walls 


pig. 6. 14  a)  Oscilloscope  traces  and  graphical  results  for  an 
undermatched  line 

■ 
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characteristic 


lead  characteristic 
forward  flow 


line  and  termination  characteristic 
of  an  underm.^tched  transmission  lin 


characteristic  Impedance 


t.15  b  line  and  termination  characteristics 
cf  an  overmatched  transmission  line 


If  Tg  results  from  isentropic  compression  from  TQ  the  term 
K-1 


becomes  equal  to  unity  and  equ.  (6.5)  reduces  to 


(6.6) 
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In  the  acoustic  case,  when  overpressure  and  density  are  con¬ 
sidered  very  small  equation  (6.6;  can  be  written  as 


In  this  case  the  dc  nozzle  resistance  R  is  equal  to  the  surge 
impedance  Z  .  Equation  (6.7)  is  equivalent  to  equ.  (5.16)  for 
small  signai°matching,  where  rQ  »  ZgQ. 

6.2.2  ?E®dicting_gul8e_di8tortion8_on_lo8S£  fluidic 

transmi88i2n_lines_with_n2nlinear_l2ad  resistance 

The  graphical  method  evaluated  by  Bergeron  (ref. 59)  can  also  be 
applied  to  lossy  transmission  lines  by  considering  the  losses 
in  additional  resistances.  The  sinple3t  way  will  be  to  introduce 
resistance  at  the  beginning  and  (o^)  the  end  of  the  line  (ref. 42) 

If  the  reflections  at  the  end  of  the  line  have  to  be  determined 
the  dc-resistance  of  the  line  is  added  to  that  of  the  pressure 
source.  If  the  reflections  at  the  beginning  of  the  line  are  of 
interest  the  dc-resistance  of  the  line  is  added  to  that  of  the 
terminating  nozzle  (Fig. 6. 17). 

This  procedure  guarentees  exact  operating  points.  The  dynamic 
behaviour,  however,  can  not  be  predicted  exactly  because  the 
losses  in  reality  are  distributed  along  line  causing  a  dispersion 
of  the  waves.  A  much  better  approximation  is  acnieved  by  dis¬ 
tributing  single  resistors  along  the  line  wbich  in  sum  are  equal 
to  the  dc  transmission  line  resistance.  The  results  will  be  much 
better  than  for  one  single  resistance  at  the  beginning  or  the 
end  of  the  line.  But  the  amount  of  graphical  work  will  increase 
rapidly  with  the  number  of  resistors,  because  th?  reflections 
at  every  resistor  have  to  be  considered.  A  further  disadvantage 
is,  that  the  frequency  dependence  of  the  losses  can  not  be  taken 
into  account. 


when  the  frequency  dependent  wall  snear  is  to  be  considered, 
computerized  methods  should  be  applied  to  solve  the  governing 
equations  (ref. 50,  44  and  45). 

In  ref .44  Hanning  presents  a  computerized  method  of  characteri¬ 
stics,  which  can  be  applied  to  systems  where  the  gas  velocity  is 
not  negligibly  small  relative  to  local  wave  velocity.  The  con¬ 
vective  terms  in  the  equations  of  motion  and  the  actual  variation 
of  wave  speed  with  gas  pressure  and  temperatur  must  not  be 
neglected. 

A  very  remarkable  work  in  the  field  of  numerical  solutions  of 
transients  in  pneumatic  networks  seems  to  be  that  of  Tsao 
(ref. 45).  The  assumptions  in  ref. 45  are  the  same  as  in  chapter 
4.5.  In  part  I  the  dead  end  response  of  circular  transmission 
lines  and  the  pressure  and  velocity  profile  development  along  the 
line  are  shown.  Part  II  discusses  the  problem  of  nonlinear  loads 
and  part  III  network  problems  with  branchings. 
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TWO  TERM  ANALOGUE  FLUERIC  CONTROLLER 


E.C.  HIND*  and  J.D.  BLACK* 


ABSTRACT 

A  proportional  plus  Integral  fluerlc  pneumatic  controller  is  described 
which  uses  the  principle  of  flow  summation  at  each  of  two  control 
ports  and  operates  over  the  standard  aignal  range  of  3  psl  to  15  psl  . 
Only  proprietary  proportional  fluid  amplifiers  were  used  each  having 
only  one  pair  of  control  ports.  Equations  are  developed  which  define 
the  conditions  necessary  for  an  ideal  integral  component  in  the  control 
action,  when  only  a  moderatelpyhigh  open  loop  gain  is  used,  and  the 
conditions  necessary  for  equal  controller  gains  for  set  point  and 
measured  value  inputs.  The  performance  of  the  controller  was  evaluated 
by  testing  it  in  isolation  and  when  used  in  place  of  a  conventional 
pneumatic  controller  to  control  a  fourth  order  level  process  subjected 
to  set  point  changes  and  process  flow  disturbances. 
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LIST  OF  SYMBOLS 

Dimensionless  open  loop  gain  of  operational  amplifier. 
Pneumatic  capacitance,  in^lb  *  . 

Dimensionless  proportional  gain  of  controller. 

See  E£  . 

-2 

Bias  Pressure,  lb  in 

_2 

Left  hand  control  port  pressure,  lb  in 

-2 

Right  hand  ccntrol  port  pressure,  lb  in 

-2 

Left  nand  input  pressure,  lb  in 

-2 

Output  pressure,  lb  in 

-2 

Right  hand  input  pressure,  lb  in 
Left  hand  bias  resistance,  lb  sec  in  ** 

Right  hand  bias  resistance,  lb  sec  in  ^  . 


*  The  Unlvertlty  of  New  South  Wales,  Australia. 
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Er 

Eld 

Erd 


Left  hand  control  port  resistance,  lb  see  in 
Right  hand  control  port  resistance,  lb  sec  in 
Left  hand  feedback  resistance,  lb  sec  in  ^ 
Right  hand  feedback  resistance,  lb  sec  in 
Integral  resistance,  lb  sec  in  ^ 

Left  hand  input  resistance,  lb  sec  in 


-5 


-5 


-5 


-5 


Right  hand  input  resistance,  lb  sec  in 
See  Er 

Laplace  transform  variable,  sec  *  . 

Integral  time  constant  (R^  C)  ,  sec 
Effective  Integral  time  constant  T 
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time,  sec  . 

Resistance  valve  opening,  in 

Sum  of  left  hand  reciprocal  resistances. 
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INTRODUCTION 


The  purpose  of  this  paper  is  to  report  the  results  of  a  study  of  the 
use  of  the  principle  of  flow  summation  at  each  of  two  control  ports  in 
the  first  stage  of  the  flueric  operational  amplifier  for  the  generation 
of  proportional  plus  integral  control  action.  Of  particular  interest 
in  the  studv  was  the  problem  of  obtaining  an  ideal  integral  component 
in  the  control  action. 

The  controller  was  to  have  no  moving  parts.  It  was  to  be  constructed 
using  onlv  proprietary  proportional  amplifiers  each  having  only  one 
pair  of  control  ports  and  using  proprietary  needle  type  resistance 
valves  and  a  capacitance  tank.  It  was  to  replace  a  conventional 
pneumatic  controller  operating  on  the  signal  range  3  psi  to  15  psi 
(or  20  k  Pa  to  100  k  Pa)  which  was  mostly  set  at  about  1002 
proportional  band  with  an  integral  time  constant  in  the  vicinity  of 
one  minute. 

Of  the  work  on  fluidic  controllers  reported  in  the  literature  1(1),  (2), 
(3),  (4),  (5).  (6),  (7),  (8),  (9),  (10)  * )  some  refer  to  special 
applications,  6ome  to  controllers  in  which  four  control  ports  are  used 
in  the  first  stage  amplifier  and  some  refer  to  controllers  in  which 
the  modular  approach  is  used  for  function  generation;  resulting  in  as 
many  as  four  fluidic  operational  amplifiers  in  the  one  controller.  As 
far  as  the  authors  are  aware,  only  one  paper  refers  to  the  use  of  flow 
summation  at  a  control  port  of  a  fluid  amplifier*  B.G.  Bjornsen  (11) 
has  described  a  controller  which  uses  the  principle  of  flow  summation 
at  an  input  to  the  first  stage  of  a  five  stage  high  gain  amplifier. 

His  controller  used  a  summing  impact  modulator  as  the  first  stage 
followed  by  three  transverse  impact  modulator  stages  and  then  an 
output  stage  consisting  of  a  conventional  moving  part  pneumatic  relay 
of  gain  10  :  1  .  He  claims  a  very  high  gain  in  the  open  loop 
condition  of  between  30,000  and  50,000,  a  figure  which  the  authors 
believe  cannot  at  this  time  be  matched  by  five  stages  of  proprietary 
proportional  fluid  amplifiers. 

DESCRIPTION  OF  TWO  TERM  CONTROLLER 

A  schematic  arrangement  of  the  proportional  plus  integral  controller 
using  a  five  stage  amplifier  is  shown  in  Fig.l.  As  the  performance 
of  the  amplifiers  was  best  when  the  control  port  pressures  were 
approximately  102  of  the  power  jet  pressures,  the  two  bias  resistors 
and  were  used  to  achieve  this  optimum  first  stage  mean 


*  Numbers  in  brackets  refer  to  the  list  of  references  at  the  end  of 
the  paper. 
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pressure  and  also  to  compensate  for  any  differences  between  left  and 
right  control  ports,  and  to  enable  the  output  pressure  ,  to  be 

set  at  the  required  value  when  the  two  inputs  and  P  were  at 
specific  initial  values.  r 

The  output  signal  pressure  had  to  range  from  3  psl  to  15  psl  .  Tests 
on  the  last  stage  amplifier  showed  that  this  could  easily  be  achieved 
if  the  power  jet  pressure  was  set  to  25  pslg  although  this  was  above 
the  maximum  power  jet  pressure  shown  on  the  characteristic  curves 
supplied  by  the  manufacturer. 

The  seven  resistance  valves  were  of  the  tapered  needle  type  fitted  with 
isolating  diaphragms  and  spring  loaded  against  micrometer  heads  which 
enabled  valve  openings  to  be  read  in  thgusandths  of  an  inch.  The 
needles  were  cones  of  included  angle  4  .  The  matchirg  conical 

valve  seats  were  of  length  0.34"  and  the  small  end  diameter  was 
0.04"  . 

The  two  input  pressures  to  the  controller  and  P^  represent  set 

value  and  measured  value  inputs  or  vice  versa.  The  input  signal 
ranges  were  also  3  psi  to  15  psi  .  The  resistance  valves  R^  and  Rf 

provide  left  hand  input  and  right  hand  input  gain  adjustments. 

The  valves  R^  and  R^  provide  negative  feedback  and  positive  feedback 

£aln  adjustment,  and  hence  controller  stability  adjustment.  The 
valve  Rj  provides  Integral  time  constant  adjustment  and  the  volume 

chamber  provides  the  fixed  capacitance  for  the  generation  of  the  Integral 
action. 


CONTROLLER  ANALYSIS 


In  the  following  analysis,  the  flueric  operational  amplifier  is 
assumed  to  have  a  moderately  high  pressure  gain  (e.g.  100  to  1,000),  and 

to  respond  fast  enough  for  time  dependent  terms  to  be  neglected.  The 
amplifier  may  consist  of  any  suitable  number  of  stages.  A  stage  may 
be  any  type  of  fluid  amplifier  such  as  conventional  analogue  or 
proportional  amplifier,  impact  modulator  or  vortex  amplifier,  provided 
its  characteristic  is  essentially  proportional.  It  is  further  assumed 
that  all  resistances  and  the  capacitance  are  linear. 

The  block  diagram  of  the  proportional  plus  integral  controller  is  shown 
in  Fig.  2  ,  with  output  pressure,  Pq  ,  and  inputs  left  hand  side 

pressure,  ,  right  hand  side  pressure,  ,  and  bias  pressure 
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The  bias  pressure  input  was  useful  for  studying  the  effect  of  noise 
emanating  from  the  bias  pressure  regulator.  For  the  fo1 lowing 
analysis  the  bias  pressure  is  assumed  constant  so  that  *  0  in  the 
block  diagram. 
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-U-L- 

'h 

Rf  Rcfc 

Er 

1 

m  ■ 

+  — + 

JL+  J_ 

R 

r 

hr 

Rfl  Rcr 

and  Tj  -  f^C  . 


The  block  diagram  of  Fig. 2  may  be  reduced  to  that  shown  in  Fig. 3. 


Provided  the  term 


Er 


is  much  smaller  than  unity,  it 


may  be  neglected  (for  this  controller  its  value  is  about  0.0025, 
and  neglecting  it  results  in  an  error  of  only  about  Ij* 
which  is  acceptable. 


When  the  term 


is  neglected,  the  block  diagram  of 


Fig. 3  may  be  reduced  to  that  shown  in  Fig. 4.  The  effective  integral 

time  constant  is 


Ti 


It  may  be  seen  from  Fig. 4  that  for  an  ideal  proportional  plus  integral 
controller  it  is  necessary  that 


Rf  U  ' 

i 

r  i 

Ri 

R  EZ 

l  i  t 

ki  ErJ 

^  R 

fij 

I  T 

A 

.  If  the  left  hand  side  of  equation  (1)  is  greater  than  unity 
then  the  controller  is  unstable  as  shown  in  Fig. 5a. 

.  If  the  left  hand  side  of  equation  (1)  is  equal  to  unity  then  the 
controller  is  critically  stable  as  required  and  the  integral 
component  in  the  controller  response  is  ideal  as  shown  in  Fig. 5b. 
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.  If  the  left  hand  side  of  equation  (1)  Is  less  than  unity,  then  the 
controller  Is  stable  as  shown  in  Fig. Sc. 

Equation  (1)  may  be  written  In  the  following  forn ,  which  is  more 
useful  when  selectlnft^ontroller  resistance  values: 

Rf  E£ 

7lTfI  +  Rx)Zr 


Rf  EH 


(2) 


Alternatively,  the  following  form  of  equation  (1)  is  useful  for  the 
determination  of  R^ 


E£ 


(Rn  + 


RT)Ir 


E£ 

A 


(3) 


From  Fig. 4,  it  can  be  seen  that  the  condition  for  the  controller  to  have 
a  right  hand  side  proportional  gain  of  G  is: 


Rf  E£ 

R  Er 
r 


1  + 


Rf  e: 


(4) 


The  condition  for  the  controller  to  have  the  same  gain  on  the  left  hand 
side  and  right  hand  side  can  be  seen  from  Fig. 4  and  is: 

(5) 


R  Er 
r 


R£  U 


Another  useful  relationship  may  be  derived  from  equations  (2)  and  (4) 


which  allows 


R  to  be  determined,  i.e.: 
r 


'fl 


(6) 


A  condition  imposed  on  A  by  equation  (3)  is  that 
A  >  (K  +  Rj)Er  . 

ESTIMATION  OF  INITIAL  RESISTANCE  VALUES 


It  is  not  possible  to  solve  the  above  equations  to  determine  the 
required  resistance  values,  as  there  are  too  many  unknowns  for  the 
number  of  equations  available.  Hence  an  Engineering  approach  must  be 
used  if  estimates  are  required  for  the  resistance  values  and  hence  for 
valve  settings. 
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For  these  values  to  be  determined,  the  following  details  must  be  known 
(in  some  cases  reasonable  estimates  will  suffice):  The  open  loop 
pressure  gain  of  the  operational  amplifier;  the  pressure-flow 
characteristics  of  the  first  stage  control  ports;  the  pressure-flow 
characteristics  for  the  type  of  valve  to  be  used;  the  required 
controller  proportional  gain  and  Integral  time  constant;  and  the  value 
of  the  integral  capacitance  likely  to  be  used. 

The  steps  in  estimating  the  initial  values  of  resistance  are  as  follows: 


1.  From  Tj  and  C  choose  Rj  . 

2.  Fig. 3  may  be  reduced  to  Fig. 4,  provided  the  term 

R. 


'fl 


Rfl  Er 


«  1 


It  will  therefore  be  necessary  to  keep  — 

Rfl 


G  ^  1,  choose  R 


fl 


small.  Provided 
as  the  value  corresponding  to  the  smallest 


convenient  valve  opening.  If  G  <  1,  the  input  resistances 

R.  and  R  will  be  the  higher  values,  and  the  smallest  convenient 
K  r 

valve  opening  will  fix  these  values  approximately.  In  this  case 
(G  <  1)  the  approximation  f I 

determine  the  initial  value  of  R 


or  f  1 


will 


fl  ’ 

3.  As  the  effective  integral  time  constant  is 


T. 


1  + 


'fl 


this  equation  should  now  be  used  to  make  a  new  estimate  of  T^  and 

I  determined  in  step  2.  This 


hence  RT  by  using  the  ratio 

Rfl 

will  result  In  a  second  estimate  of 

Obtain  Rf  from  equation  (6) 

Assuming  that  the  control  port  resistances  are  much  smaller  than 
the  other  resistances,  they  will  dominate  the  terms  EJ.  and  Er. 


R_  and  so  m— 
Rfl 


Hence  as  a  first  approximation,  substitute  E<d 


for  ££ 
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and  Erd  ■  - —  for  Er  in  equation  (3)  which  become8 


cr 


o  r  E£d  IMl 

f  l(RfI  +  Rx)  Erd  aJ 


(3d) 


Rc£  and  R  being  determined  from  the  slopes  of  the  pressure-flow 

characteristics  of  the  control  ports  at  their  optimum  operating  points 
will  allow  the  first  estimate  of  R£  to  be  made. 

6.  Substituting  ZIA  for  E£  and  Erd  for  Er  in  equation  (5)  will 


7. 


Using  the  pressure-flow  characteristics  for  the  valves  and  assuming 
that  input  and  output  controller  signals  are  at  mid  range,  l.e.  at 


the  nominal  zero  level  of  9  pslg  , 
that  the  control  port  pressures  P 
values,  the  sum  of  the  flows  through 


P  -  P 
r  o 


.  and  P 
cl  cr 


Rg  and  R£ 


■  9  psig  ,  and 
are  at  their  optimum 
into  the  left  hand 


8. 


sunning  point  may  be  found.  Also  if  the  pressure  in  the  capacitance 
is  assumed  to  be  8  pslg  ,  the  flows  into  the  right  hand  summing 
point  through  R^  and  may  be  determined.  Now  from  tlv:  control 

port  characteristics,  the  flows  from  the  sunning  points  int j  the 
amplifier  may  be  determined.  Hence  the  bias  flows  can  be  deter¬ 
mined  by  difference  and,  provided  a  bias  pressure  is  known  or 

assumed,  the.  valve  characteristics  will  yield  the  bias  resistance 
values  R^£  and  R^j.  • 

Estimate  Eli.  and  Er  from 


Zl  - 


and 


Er  -  ^  + 


1 

*b£ 

1 

*br 


'f 

1 

lfl 


c* 

1 

cr 


9.  It  is  advisable  to  make  a  second  estimate  of  R£  from  equation  (3) 

using  the  values  of  Zl  and  Er  determined  in  step  8  and  hence 
determine  the  initial  setting  for  R,  . 


From  the  above  nine  steps,  resistance  values,  mean  operating  points 
and  valve  openings  are  determined  for  R£,  Rb£,  Rf,  Rr,  Rbr,  R 

and  Rj  which  may  be  used  in  the  controller  setting  up  procedure. 
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SETTING  UP  PROCEDURE 


The  setting  up  procedure  for  the  controller  is  based  on  the  input  and 
output  signal  range  of  3  psig  to  15  psig  with  a  nominal  zero  signal  of 
9  psig  .  It  involves  matching  input,  bias  and  feedback  resistors  to 
achieve  the  following: 

.  The  required  controller  gains  for  left  hand  and  right  hand  inputs. 

.  A  good  integration  component  of  the  control  action  with  an  integral 

time  constant  in  the  vicinity  of  that  required. 

.  orrect  zeroing  of  the  controller. 

.  The  operational  amplifier  functioning  in  the  maximum  gain  region. 

.  The  control  port  pressures  of  the  first  stage  amplifier  operating 
in  the  region  of  optimum  performance. 

The  following  recommended  setting  up  procedure  for  the  controller  assumes 
that  the  operational  amplifier  has  been  previously  set  up  and  is 
operating  satisfactorily. 

1.  Set  bias  pressure  P  to  an  appropriate  value.  Set  pressures 

D 

and  Pf  to  9  psig  with  all  resistance  valves  shuti 

2.  Open  the  left  or  right  bias  valve  so  as  to  cause  the  amplifier  to 
function  in  the  region  of  maximum  gain  with  the  output  pressure  some¬ 
where  near  mid  range.  When  the  open  loop  gain  is  relatively  high, 
the  output  will  be  extremely  sensitive  to  very  small  changes  in 

bias  valve  setting. 

3.  Gradually  open  both  left  and  right  bias  valves  to  increase  the 
control  port  pressures  to  the  optimum  value  with  the  amplifier 
operating  still  in  the  maximum  gain  region. 

4.  Gradually  open  left  and  right  input  valves,  and  compensate  with  bias 
valves,  to  hold  the  amplifier  operation  in  the  maximum  gain  region 
and  with  control  pressures  at  their  optimum  values.  Continue  until 
the  input  valves  are  set  at  their  initial  values. 

5.  Gradually  open  the  left  hand  feedback  valve  Rf  ,  and  compensate 

with  the  left  hand  bias  valve  to  hold  the  required  operating  condition 
until  Rf  is  at  its  initial  value  and  the  output  pressure,  P  is 
at  9  psig, 

6.  Open  the  integral  valve  wide  open  and  gradually  open  the  integral 

feedback  valve  R^  ,  compensating  with  the  right  bias  valve  so  that 

the  controller  output  will  HOLD  (i.e.  not  drift),  in  mid  range  with 
the  control  port  pressures  at  optimum,  until  Rjj  is  at  the 

required  initial  value.  By  setting  R^  wide  open,  the  maximum 

Integration  ra^e  will  result  and  drift  tendencies  will  be  more 
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readily  observed. 

7.  Set  the  Integral  valve  to  the  required  initial  opening  and  check 
left  and  right  gains.  If  necessary,  adjust  left  and  right  input 
resistors  to  correct  gain  errors  and  compensate  with  bias  valves  to 
maintain  optimum  operation. 

8.  Use  step  changes  in  left  and  right  inputs  to  check  Integral  action 

time  and  if  necessary  adjust  the  integral  valve  to  obtain  the 

required  integral  action  time  and  hence  the  required  effective 
Integral  time  constant  T|  . 

9.  Re-check  left  and  right  hand  gains,  input  error  linearity  and  hold 

characteristics.  Check  also  to  see  that  the  integral  component  in 
the  control  action  is  ideal.  If  the  Integral  action  is  not  ideal, 
adjust  the  Integral  feedback  resistance  RfT  .  It  will  be  seen  by 
referring  to  Fig. 4  or  equation  (1),  that  tne  stability  of  the  con¬ 
troller,  and  hence  the  nature  of  the  integral  action  component  is 
Influenced  directly  by  the  ratio  . 


Reference  to  Fig. 5  shows  that  if  the  controller  is  unstable  R^ 

should  be  increased,  whereas  if  the  controller  is  stable  R^ 

should  be  reduced,  i.e.  valve  opened  further.  Note  that  changes 
in  R^  may  require  compensation  by  adjusting  R^r  . 

While  a  change  in  any  one  resistance  setting  will  have  a  number  of 
effects,  the  following  summary  of  the  main  functions  of  each  resistance 
valve  will  assist  in  setting  up  and  subsequent  adjustment  of  the 
controller: 

R^  Left  hand  side  gain; 

R^  Right  hand  side  gain; 

R^  Gains  of  both  sides  similarly  affected  and  the  nature 

of  the  integral  action  or  controller  stability; 


Controller  stability; 

Left  hand  control  port  pressure  and  so  amplifier 
operation; 


*br 


Right  hand  control  port  pressure  and  so  amplifier 
operation; 


*4 


Integral  time  constant. 
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CONTROLLER  PERFORMANCE 


Experimental  verification  of  the  feasibility  of  using  the  principle  of 
flow  summation  at  each  of  two  control  ports  in  the  first  etage  of  a 
flueric  operational  amplifier  was  obtained  by  using  proprietary 
proportional  amplifiers  having  only  one  pair  of  control  ports  each  and 
proprietary  resistance  valves. 

The  controller  was  set  up  as  described  earlier  in  the  paper  using  both 
a  four  stage  and  a  five  stage  operational  amplifier. 

The  controller  was  first  set  up  and  tested  in  isolation  and  tre  foregoing 
theory  arid  setting  up  procedure  verified.  Of  particular  interest  in  the 
study  was  controller  stability.  The  controller  was  adjusted  so  that  it 
operated  as  an  unstable  element,  as  a  stable  element,  and  as  a  critically 
stable  element,  producing  quite  a  satisfactory  integral  component  of  the 
control  action  when  adjusted  for  this  critically  stable  condition. 

Fig. 6  shows  a  plot  of  the  controller  output  when  subjected  to  an  input 
step  change  of  1  psi  in  the  right  hand  input  pressure  P  ,  after 
being  adjusted  for  ideal  proportional  plus  integral  action. 

The  pressure-flow  characteristics  of  the  resistance  valves  were 
significantly  non-linear.  This  had  a  noticeable  effect  on  the  zeroing 
of  the  input  signals  at  the  low  pressure  end  of  the  signal  range.  For 
the  valves  used  in  this  study,  the  effect  could  be  minimised  by  selection 
of  bias  pressure.  Fig. 7  shows  a  plot  of  values  of  right  hand  input 
pressure  plotted  against  left  hand  input  pressure,  which  indicated  to  the 
controller  that  zero  error  existed  at  the  input. 

The  controller  performed  satisfactorily  over  a  range  of  gains  (0.5  to 
2.0)  and  over  a  range  of  integral  action  tines  (20  sec  to  120  sec)  . 

Some  indication  of  the  relative  values  of  the  terms  in  the  equations 
developed  earlier  can  be  obtained  by  considering  a  particular  case. 

The  values  in  the  following  table  applied  when  the  controller  was  set  up 
for  unit  gain.  The  operational  amplifier  open  loop  gain  was  750  ,  when 
the  first  stage  control  port  pressures  were  in  the  vicinity  of  0.8  psig. 

As  all  resistances  are  non-linear,  the  values  quoted  were  obtained  by 
taking  the  tangent  to  the  pressure-flow  curve  at  the  nominal  zero 
controller  signal  level,  i.e.  P^  “  P^  =  Pq  =  9  psig  ;  for  a  bias 

pressure  Pfc  of  15  psig  ;  and  for  the  first  stage  control  port  pressures 

of  0.8  psig  .  The  pressure-flow  curve,  used  to  evaluate  the  adjustable 
resistors,  was  for  the  type  of  valve  used,  and  no  information  was  avail¬ 
able  on  the  likelv  variation  from  one  valve  to  another,  which  could  be 
quite  significant  at  small  openings  such  as  0.015"  .  To  the  authors' 
surprise,  the  two  control  port  resistances  were  significantly  different. 
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Table  1: 

Valve  openings  and  resistance  values  for  the  controller  when  set  up  for 
unit  gain. 


_L  +  _!_  +  _i  +  JL  .  _i  +  _i  +  JL  +  -1- 

h  \l  Rf  Rc*  83  26  90  2-0 


0.012  +  0.038  +  0.011  +  0.500  -  0.561 


Er  R  +  R.  +  R.,  +  R 


J_  + Jl  + J,  + J_ 

105  28  83  2.4 


(Rr  Sr  Rfl  RcrJ  105  28  83  2-4 

-  0.010  +  0.036  +  0.012  +  0.417  -  0.475  . 
Check  the  condition  for  ideal  integration,  equation  (1) 


Rf  U 

R^Tr 


Rj  U 


LHS  - 


90  x  0 
83  x  0 


.561]  1 

.475j 

^  *  o  *» 


1.28 

1.1  x  1.067 


83  j 
1.09 


90  x  0.561 


Indicated  error  is  92  . 

Check  proportional  gain  of  left  hand  side  (see  Fig. 4) 

R .  f  .  1  rtrt  f  I  ^ 


0  ‘  si 


Rf  Zl 


.  90  1  .  ,  Q1, 

83  (l . 067  J  1-016 


Indicated  error  is  about  2%  high. 

Check  proportional  gain  of  right  hand  side  using  equation  (4). 


314 


1 


Rf  U 

R  Zr 
r 


f  1 

1  + 

Rf  n 

a 

90  x  0.5611 


105  x  0.4751  1.067 


Indicated  error  is  about  5X  low. 

RI  1  ' 

Check  the  condition  that  the  term  — —  - - 

than  unity.  Rfl  If I  lr 


should  be  much  less 


RI  1  8.3  f  1  1  . 

Rf j.  RfI  Zr  “  83  [83  x  0-475 J  " 

TnrH  rafeH  orrnr  r  incnrl  Kv 


00254 


'  ■'Indicated  error  caused  by  discarding  this  term 

is  about  hX  . 

Determine  the  value  of  the  effective  Integral  time  conste.it,  Tj.  , 
in  terms  of  the  integral  time  constant,  . 


T{  "  0.91  Tt  . 

The  controller  was  also  tested  by  using  it  in  place  of  a  conventional 
pneumatic  controller  to  control  a  fourth  order  liquid  level  process 
which  was  subjected  to  set  point  changes  and  process  flow  disturbances  (12). 

The  controller  performed  at  least  as  well  as  the  conventional 
controller.  However,  changes  in  the  settings  of  the  flueric 
controller,  particularly  gain  settings,  were  more  difficult  to 
accomplish  than  was  the  case  for  the  conventional  pneumatic  controller. 

In  addition,  the  flueric  controller  did  use  much  more  air  than  the 
conventional  controller. 

CONCLUSION 

A  proportional  plus  integral  flueric  controller,  using  the  principle 
of  flow  summation,  and  constructed  by  using  proprietary  proportional 
fluid  amplifiers  has  been  described.  Equations  have  been  developed 
which  define  the  conditions  necessary  for  an  ideal  integral  component 
in  the  control  action,  when  only  a  moderately  high  open  loop  gain  is 
used.  The  conditions  necessary  for  equal  controller  gains  for  set 
point  and  measured  value  inputs  have  also  been  determined. 


A  mechod  for  determining  the  Initial  resistance  settings  for  the 
controller  has  been  outlined,  and  a  setting  up  procedure  given. 

These  are  especially  useful  when  the  two  cottrol  port  resistances  of 
the  flueric  operational  amplifier  are  significantly  different. 

Some  indication  has  been  given  of  the  controller  performance,  when 
tested  in  isolation  and  in  closed  loop  control  of  a  process  subjected 
to  set  point  and  load  disturbances. 
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FIGURE  2 

Block  diagram  of  proportional  plua  Integral  fluerle  controller. 


(a)  Response  of  Unstable  Controller. 


(c)  Response  of  stable  controller. 


FIGURE  5 

Responses  of  the  two  term  controller  to  a  step  change  In  either 

Input  at  t  “  0  .  The  responses  applr  for  the  following  values 

of  the  Left  Hand  Side  of  equation  (1): 

Diagram  (a)  applies  when  LHS  1 

Diagram  (b)  applies  when  LHS  -  1 

Diagram  (c)  applies  when  LHS  '  1 


Output  pressure,  =  9  psig  constant 


FIGURE  7 

Values  of  right  hend  side  Input  pressure  ?  ,  which  caused  the 

controller  to  experience  xero  error,  plotted  against  left  hand  side 
Input  pressure  P.  when  the  output  pressure  P  was  9  psig  . 
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ABSTRACT 


Both  proportional  (DC)  and  carrier  modulation  (AC)  fluidic  techniques 
have  their  own  particular  advantages  in  fluidic  control  system  applications. 
In  some  cases,  one  is  preferable  over  the  other  due  to  types  of  sensors 
used,  length  of  signal  transmission,  and  complexity  of  computation  to  be 
done  by  fluidics.  In  many  cases,  a  combination  of  the  two  techniques  is 
used. 

This  paper  deals  primarily  with  fluidic  carrier  techniques  including 
pulse  modulation.  Proportional  fluidic  operational  amplifiers  are  also 
briefly  described,  since  they  often  appear  in  conjunction  with  fluidic  carrier 
systems.  In  addition  to  the  "building  block"  techniques  of  fluidic  carrier 
systems,  examples  are  given  of  their  applications  ranging  from  air  motor 
governors  to  jet  engine  and  missile  controls. 
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NOMENCLATURE 


f  =  Frequency  of  sengor  output 

&f  =  Differential  frequency  between  two  sensor 

outputs 

G  =  Forward  Rain  of  closed  loop 

H  =  Feedback  gain  of  closed  loop 

K  =  Open  loop  gain  of  operational  amplifier 

K1(  K2  =  Gain  constants  of  temperature  sensors 

P  =  Pressure 

&P  =  Differential  pressure 

R  =  Fluid  resistance 

S  =  Laplace  operator 

t  =  Absolute  temperature 

T  =  Time  constant 

W  -  Weight  flow 


(Hz) 

(Hz) 


(Hz/°R^a) 

(psig) 

(psid) 
(sec/in2) 
(sec-1 ) 

(°R) 

(sec) 

(pound/sec) 


327 


FLUIDIC  CARRIER  TECHNIQUES 


by 

Willis  A.  Boothe* 
General  Elejtric  Co. 

Gas  Turbine  Products  Division 
Schenectady,  N.  Y. 


and 

Carl  G.  Ringwall 
General  Electric  Co. 
Specialty  Fluidics  Operation 
Schenectady,  N.  Y. 


1.0  INTRODUCTION 

Fluidic  devices  are  particularly  attractive  for  use  in  many  applications 
due  to  their  insensitivity  to  vibration,  radiation,  and  temperature  extremes 
as  well  as  their  poter.cial  for  high  response  and  reliability.  Equally  impor¬ 
tant  is  the  fact  *hat  fluidics  presents  an  opportunity  to  use  techniques  analo¬ 
gous  to  electronic  circuitry  but  without  the  restrictions1  imposed  by  the  elec¬ 
tronic  art.  Other  papers  presented  at  this  symposium  cover  digital  devices 
and  proportional  or  analog  circuitry.  In  this  paper,  the  use  of  carrier  tech¬ 
niques  in  fluidics  is  described.  Temperature,  position  and  shaft  rotational 
velocity  are  among  the  parameters  that  can  be  sensed  fluidically  to  produce 
a  frequency  proportional  to  the  sensed  parameter.  Techniques  for  compar¬ 
ing  such  sensed  signals  to  various  frequency  references  are  described  in 
this  paper  as  well  as  applications  including  pure  carrier  systems  and  those 
where  a  combination  of  proportional  and  carrier  techniques  have  been  used. 
Among  the  former  are  speed  governors  and  temperature  controls.  Combined 
carrier  and  proportional  control  applications  include  a  control  for  J-79  jet 
engine,  a  gas  turbine  overspeed  control,  and  missile  thrust  vector  controls. 

2.0  PROPORTIONAL  FLUIDIC  TECHNIQUES 

2.  1  Basic  Amplifiers 

Since  most  fluidic  carrier  systems  ultimately  employ  some  proportional 
stages  in  their  circuits,  a  brief  review  of  proportional  amplifiers  is  in  order. 
(Professor  Brown  covers  them  in  greater  detail  in  his  paper. 


*  Formerly  with  Corporate  Research  and  Development,  Schenectady,  N.  Y. 
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A  basic  typical  proportional  amplifier  stage  is  a  beam  deflector  ampli¬ 
fier  of  the  type  shown  in  Fig.  1  with  a  steady-state  characteristic  as  shown 
in  Fig.  2.  The  device  has  relatively  low  gain  and  the  negative  gain  region 
after  passing  the  maximum  output  point  shown  in  Fig.  2  can  be  troublesome 
in  circuits  where  it  is  possible  to  over-drive  the  amplifiers.  However,  the 
single  stage  proportional  amplifier  is  entirely  adequate  for  many  applications. 
Each  of  these  is  a  special  case,  the  performance  of  each  being  dictated  bv 
the  characteristics  of  the  individual  amplifier  stage. 

The  advent  of  the  high  gain  fluidic  ope  rational  amplifier^*  H)  has  changed 
this  picture  completely.  By  use  of  a  high  gain,  multi-stage  fluidic  operation¬ 
al  amplifier,  fluid  circuits  of  considerable  sophistication  can  be  constructed 
without  the  need  fo*-  detailed  understanding  of  the  internal  characteristics  of 
the  individual  fluidic  elements.  In  addition,  significant  performance  advan¬ 
tages  are  obtained. 

2.  2  Operational  Amplifiers 

The  basic  building  block  of  fluidic  operational  amplifiers  for  air  opera¬ 
tion  is  the  five  stage  proportional  amplifier  or  gain  block  shown  in  Fig.  3. 

(This  paper  will  deal  with  the  air  operated  version,  although  a  hydraulic 
fluidic  operational  amplifier  has  also  been  developed.  )(H  Constructed  of 
precision  photo-etched  metal  laminates,  the  fluidic  gain  block  has  linear 
forward  gains  ranging  up  to  4000  and  higher.  Using  advanced  fluidic  nois*' 
reduction  techniques,  (13)  this  gain  block  represents  a  significant  advance 
in  signal-to-noise  ratio. 

Normally,  the  operational  amplifier  is  operated  in  a  push-pull  manner. 

As  seen  in  Fig.  4,  *he  input  signal  is  a  differential  pressure,  p.  -  Pi9  •  and 
the  output  is  also  a  differential  pressure,  p  -  p  Operation  in  the  push- 
pull  manner  provides  increased  linearity  anc^  also  allows  simple  sign  inver¬ 
sion  by  crossing  over  connections. 

Open  loop  steady  state  characteristics  of  the  gain  block  are  shown  in 
Fig.  5.  It  can  be  seen  that  the  gain  block  has  a  flat  saturation  when  over¬ 
driven  by  large  input  signals.  Many  single  stage  fluidic  amplifiers  have  nn 
undesirable  gain  reversal  when  over-driven  in  this  manner.  The  five-stage 
gain  block  is  balanced  to  assure  a  flat  saturation  characteristic  with  inputs  up 
to  20C  times  that  required  to  produce  saturation.  It  will  be  seen  later  where 
this  permits  use  of  the  gain  block  to  perform  accurate  signal  limiting  functions 
in  control  circuits. 


The  output  vs  input  curve  of  Fig.  5  is  an  actual  x-y  plotter  trace  that 
has  been  retraced  five  times  to  evaluate  repeatability  and  hysteresis.  In 
spite  of  the  excessive  over-driving  of  the  gain  block,  no  performance  degra¬ 
dation  has  resulted.  Figure  6  shows  ihe  same  trace  with  the  horizontal 
sensitivity  increased  by  20  in  order  to  evaluate  the  linearity  and  stability 


of  the  gain  block.  The  output  is  linear  over  807»  of  its  range  and  demonstrates 
good  stability  with  no  hysteresis. 


Along  with  a  high  gain  amplifier,  linear  resistors  and  capacitors  are 
used  to  generate  feedback  networks.  The  linear  resistors  are  capillary 
passages  etched  in  laminates,  while  the  capacitors  are  simply  volumes. 

Using  the  powerful  technique  of  feedback  with  a  high  gain  amplifier,  a 
number  of  desirable  performance  characteristics  are  obtained.  Steady  state 
characteristics  that  can  be  produced  include: 

•  fixed  gain  under  varying  conditions  of  load  and  supply  pressure 

•  accurate  signal  summation  or  subtraction 

•  signal  limiting 

•  isolation  amplifier 

•  very  low  output  impedance  amplifier 

•  adjustable  gain  amplifier 

By  choice  of  input  and  feedback  circuitry,  a  variety  of  dynamic  char¬ 
acteristics  can  also  be  generated: 

•  flat  frequency  response  amplifier 

•  lag-lead 

•  lead- lag 

•  integrator  (approximate) 

•  notch  network 

Techniques  for  obtaining  these  characteristics  are  given  in  Appendix  I. 

3  0  FLUIDIC  CARRIER  TECHNIQUES 
3.  1  Why  "AC"  Fluidics 

A  striking  parallel  exists  between  fluidics  and  electronic  control  devel¬ 
opment.  The  DC  or  proportional  control  approach  has  led  tc  the  develop¬ 
ment  of  operational  amplifiers  in  both  the  fluidic  and  electronic  case.  This 
has  proven  to  be  an  excellent  solution  for  n  any  control  problems;  yet,  as 
in  electronics,  the  fluidic  engineer  has  gone  on  to  exploit  the  field  of  carrier 
modulation,  or  AC  techniques. 

The  reasons  for  this  are  several;  the  most  compelling  two  being  the 
availability  of  several  types  of  AC  fluidic  sensors  and  the  ability  to  trans¬ 
mit  information  accurately  in  modulated  carrier  form.  The  transmitted 
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information  in  the  modulated  carrier  approach  no  longer  depends  on  level  or 
amplitude,  but  only  the  AC  frequency  characteristic  of  the  signal.  This  re¬ 
sults  in  a  transmission  system  which  is  relatively  insensitive  to  DC  level 
changes,  extraneous  noise  pickup,  line  losses  and  particularly  leaks  in  the 
sensing  lines. 

Since  precise  fluidic  frequency  references  are  available,  the  AC  fluidic 
techniques  offer  a  means  for  high  precision  control  not  usually  associated 
with  straight  DC  fluidic  systems. 

To  best  describe  the  AC  fluidic  system  approach,  this  section  of  the 
paper  will  first  consider  the  characteristics  of  the  AC  fluidic  signal,  then 
describe  typical  AC  fluidic  system  elements,  and  finally  will  explain  specif¬ 
ic  AC  fluidic  circuits. 

3.  2  Characteristics  of  the  AC  Fluidic  Signal 

The  use  of  the  term  "AC"  when  applied  to  fluidic  signals  may  be  mis¬ 
leading  to  those  who  carry  the  analogy  between  e’ectrical  and  fluidic  cir¬ 
cuits  too  far.  A  more  precise  description  of  what  is  meant  by  the  term  AC 
(with  respect  to  fluidic  signals)  might  be  "an  undulating  flow,"  or  "an  oscil¬ 
latory  flow  superimposed  on  a  steady  flow.  "  The  important  difference  be¬ 
tween  the  electrical  and  fluidic  AC  signal  is  that  the  fluidic  signal  always 
has  a  DC  component  in  addition  to  the  AC  signal  component. 

The  term  signal,  as  generally  used  throughojt  this  section  will  refer 
to  the  pressure  changes  occurring  in  the  circuit.  These  pressure  varia¬ 
tions  can  either  be  referenced  to  the  local  atmospheric  pressure,  or  to  some 
other  point  in  the  circuit  in  which  case  the  signal  is  differential  pressure. 

The  terms  "single  sided"  and  "push-pull"  are  sometimes  used  to  describe 
the  individual  signal  and  the  differential  signal  pair  respectively.  Signal 
amplitude  encountered  in  AC  fluidic  circuit  generally  range  from  about 
0.01  to  10  psi.  More  typical  values  arc  between  0.  1  and  1.  0  psi. 

Operating  frequencies  for  AC  fluidic  circuits  are  limited  only  by  the 
response  capabilities  of  the  individual  circuit  elements  and  the  intercon¬ 
necting  signal  lines.  Typical  carrier  frequencies  used  in  present  fluidic 
control  systems  range  from  about  100  Hz  to  over  3  K  Hz  depending  on  the 
type  of  control  system.  Speculation  on  the  ultimate  frequency  limit  for 
fluidic  devices  range  from  a  conservative  10  K  Hz  up  to  a  rather  optimistic 
100K  Hz. 

Transmission  lines  used  in  carrying  AC  carrier  signals  from  sensors 
and  transducers  to  the  fluidic  circuits  have  varied  in  length  from  a  few 
inches  up  to  100  feet.  One  particular  investigation  carried  out  at  the  Gen¬ 
eral  Electric  Company  successfully  demonstrated  the  capability  to  trans¬ 
mit  a  400  Hz  fluidic  signal  over  70  feet  of  line.  The  signal  speed  for  AC 
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fluidic  transmission  is  approximately  equal  to  the  acoustic  velocity  of  the 
operating  fluid.  For  air  under  normal  conditions  the  acoustic  velocity  is 
about  1000  ft /sec.  The  corresponding  time  delay  is  thus  about  one  milli¬ 
second  per  foot  of  transmission  line. 

3.  3  AC  Fluidic  "Building  Blocks" 

To  date,  most  AC  fluidic  work  has  used  jet  deflector  type  fluidic  ele¬ 
ments.  The  discussion  of  the  basic  building  blocks  is  confined  to  these  ele¬ 
ments,  but  obviously  many  of  these  techniques  can  be  implemented  using 
other  types  of  elements  as  well. 

3.  3.  1  Amplifiers 

The  proportional  amplifier  is  also  used  in  ac  fluidic  systems.  The 
characteristics  of  individual  amplifier  elements  are  well  known,  and  the 
very  high  gain  five-stage  operational  amplifier  has  been  described  in  the 
Section  2.  0  of  this  paper. 

A  third  type  of  high  gain  amplifier  is  shown  in  Fig.  7.  This  device  con¬ 
sists  of  three  individual  amplifier  stages  stacked  in  a  vertical  fashion.  Typ¬ 
ical  gains  achieved  with  this  single  module  are  around  100:1. 

3.  3.  2  "Rectifiers" 

In  addition  to  the  proportional  amplifiers  described  above,  a  second  class 
of  amplifier  is  used  extensively  in  AC  fluidic  circuits.  This  is  the  so-called 
rectifier  or  absolute  value  amplifier.  It  is  essentially  a  conventional  pro¬ 
portional  amplifier  with  a  single  receiver  centered  in  line  with  the  power 
nozzle.  Its  input-output  characteristic  for  steady-state  conditions  is  shown 
in  Fig.  8.  If  the  differential  input  signal  is  zero,  the  power  jet  impinges 
fully  on  the  single  receiver  and  a  maximum  output  level  is  achieved.  If  the 
jet  is  deflected  on  either  direction,  recovery  decreases  proportionally. 

Figure  9  illustrates  the  output  response  of  the  rectifier  to  sinusoidal 
input  signals  of  different  amplitudes.  After  filtering,  the  average  output 
pressure  of  the  rectifier  is  seen  to  be  inversely  proportional  to  the  input 
signal  amplitude.  This  performance  characteristic  is  made  use  of  in  most 
of  the  AC  circuits  which  will  be  described  later. 

3.  3.  3  Decoupler  (Derivative  Circuit) 

The  "decoupler"  circuit  is  shown  schematically  in  Fig.  10.  This  ele¬ 
ment  is  used  to  convert  a  single-ended  pressure  signal  to  a  differential  push- 
pull  signal.  An  AC  input  signal  is  divided  into  two  separate  paths  by  means 
of  a  pair  of  matched  resistors.  One  leg  of  the  divided  signal  is  connected 
directly  to  one  side  of  a  proportional  amplifier.  The  other  signal  leg  is 
connected  through  a  capacitor  to  the  opposite  side  of  the  amplifier. 
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At  very  low  frequencies  the  filtering  effect  of  the  capacitor  is  negligible 
resulting  in  a  small  differential  control  signal  at  the  input  to  the  amplifier. 
As  the  frequency  increases  the  capacitor  tends  to  attenuate  the  AC  signal 
passing  through  it  which  results  in  a  corresponding  increase  in  the  differ¬ 
ential  AC  signal  across  the  amplifier  control  ports.  The  transfer  function 
describing  this  circuit  arrangement  is  of  the  form: 

AP0  _  Ks  (1) 

AP  (1  +  TS) 

3.  3.  4  Resonators 

One  of  the  most  important  passive  devices  in  AC  fluidics  is  the  tuned 
resonator.  It  is  frequently  used  as  a  frequency  reference  in  modulated 
carrier  systems  employing  either  amplitude  or  phase  discrimination. 

The  most  common  fluid  resonator  is  the  Helmholtz  resonator  which  can 
best  be  characterized  by  the  equivalent  circuit  of  an  inductance  and  capaci¬ 
tance  in  series.  Better  suited  to  fluidic  applications  due  to  impedance  match 
ing  characteristics  is  the  "parallel  Helmholtz  resonator.  "  It  consists  of  a 
parallel  combination  of  a  capacitor  and  inductor  connected  in  a  circuit  as 
shown  in  Fig.  11.  When  the  operating  frequency  of  the  input  signal,  Pj, 
approaches  the  tuned  frequency  of  the  resonator  both  the  amplitude  and  phase 
of  the  resonant  signal  change  as  shown  in  Fig.  12.  These  rapid  changes  in 
the  characteristic  of  the  responding  resonator  signal  can  be  used  to  provide 
closed  loop  control  action  to  maintain  the  operating  frequency  at  the  resonant 
point.  An  application  using  this  technique  in  a  speed  control  system  is  dis¬ 
cussed  later. 

In  addition  to  the  purely  fluidic  resonator  stown  in  Fig.  11,  an  equiva¬ 
lent  mechanical  spring-mass  system  can  be  used  to  provide  the  same  results 
The  primary  reason  for  resorting  to  the  spring-mass  system  in  place  of  the 
Helmholtz  resonator  lies  in  the  fact  that  the  natural  frequency  of  the  Helm¬ 
holtz  device  depends  on  the  value  of  capacitance  in  the  circuit.  The  capaci¬ 
tance  in  turn  is  a  function  of  the  gas  temperature  and  is  therefore  subject 
to  change  if  the  ambient  temperature  is  not  constant. 

In  those  cases  where  it  is  necessary  to  maintain  a  very  accurate  fre¬ 
quency  reference  a  spring-mass  resonator  is  used  with  special  spring 
materials  having  low  temperature  coefficients.  Figure  13  shows  a  minia¬ 
ture  mechanical  resonator  designed  for  use  in  a  governor  system  where  the 
operating  temperature  is  expected  to  vary  over  a  wide  range. 
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3 . 4  Typical  AC  Fluidic  Circuits 


3.4.1  Frequency-to-Analog  Circuits 

Three  basic  circuits  have  been  used  for  the  purpose  of  converting  fre¬ 
quency  signals  to  analog  pressure  signals.  The  most  commonly  used  one  is 
shown  in  Fig.  14.  A  rectifier  is  overdriven  by  the  output  of  a  fluidic  flip- 
flop.  The  rate  at  which  the  rectifier  is  driven  from  one  limit  to  the  other 
is  controlled  by  a  time  constant  comprised  of  a  capacitance  and  the  output 
impedance  of  the  flip-flop.  The  output  of  the  rectifier  is  thus  a  constant 
area  pulse,  two  pulses  occur  for  each  input  cycle.  The  filtered  output  is 
an  analog  pressure  directly  related  to  the  number  of  pulses  per  unit  time. 

Another  circuit  also  utilizes  a  constant  area  pulse  as  shown  in  Fig.  15. 
The  constant  area  pulse  is  generated  by  a  capacitor  in  one  leg  of  an  "AND" 
element.  The  "AND"  drives  a  flip-flop  whose  output  is  a  pulse  with  the 
width  determined  by  the  time  constant  and  the  height  determined  by  the  sup¬ 
ply  pressure  of  the  output  flip-flop.  This  circuit  produces  one  pulse  for 
each  input  cycle  and  is  characterized  by  very  good  linearity  over  the  com¬ 
plete  operating  range. 

A  second  frequency  detecting  circuit  is  shown  in  Fig.  16.  In  this  par¬ 
ticular  case,  the  frequency  sensitive  element  is  a  small  inductive  shorting 
tube  connected  across  the  control  ports  of  the  rectifier.  At  low  frequencies 
the  shorting  tube  effectively  cancels  the  differential  pressure  signal  across 
the  rectifier  input  ports  resulting  in  a  maximum  filtered  output,  PQ.  As 
the  operating  frequency  is  increased,  the  inductive  reactance  of  the  shorting 
tube  increases  resulting  in  an  increase  in  the  differential  amplitude  across 
the  rectifier  input  ports.  The  corresponding  filtered  output  of  the  rectifier 
decreases  in  proportion  to  the  increase  in  operating  frequency. 

3.4.2  Beat  Detector 

The  difference  between  two  independent  frequency  signals  can  easily 
be  detected  with  fluidic  elements.  Figure  17  shows  a  circuit  schematic  for 
a  fluidic  beat  frequency  detector.  Differential  input  signals  from  two  separ¬ 
ate  frequency  sources  are  first  summed  at  the  control  ports  of  a  propor¬ 
tional  amplifier  by  means  of  fixed  summing  resistors.  The  amplified  out¬ 
put  signal  from  the  proportional  amplifier  is  connected  to  a  rectifier  ele¬ 
ment  which  provides  the  desired  beat  frequency  detection  after  proper  fil¬ 
tering.  Figure  18  shows  the  characteristics  of  a  typical  beat  detector. 

3.  4.  3  Phase  Discriminator 

The  fluidic  phase  discriminator  detects  both  the  polarity  and  magnitude 
of  phase  shift  oetween  a  single-ended  reference  signal,  and  a  differential 
phase-shifted  signal.  The  circuit  consists  of  two  identical  rectifier  elements 


connected  in  a  symmetrical  bridge  arrangement  as  shown  in  Fig.  19.  The 
average  amplitudes  of  the  differential  control  pressures  acting  on  the  recti¬ 
fiers  vary  with  the  relative  phase  difference  between  the  reference  signal  C, 
and  the  phase  varying  signal  at  A-B,  as  shown  in  Fig.  20.  This  variation 
in  the  average  control  signals  results  in  a  differential  output  signal  (after 
filtering)  which  indicates  both  direction  and  magnitude  of  the  phase  differ¬ 
ence.  An  application  of  this  circuit  will  be  described  in  Section  3.  5. 

3.  4.  4  Pulse  Duration  Modulation  Circuits 

The  fluidic  PDM  circuit  converts  an  analog  input  signal  to  a  square 
wave  AC  carrier  where  the  relative  high  pressure  and  low  pressure  dura¬ 
tion  in  e~ch  cycle  are  a  function  of  the  input.  PDM  techniques  are  particu¬ 
larly  attractive  in  applications  requiring  high  power  gain  or  high  power  out¬ 
put  levels.  The  signal  to  noise  ratio  of  a  PDM  Amplifier  is  established  pri¬ 
marily  by  the  low  level  summing  of  an  analog  signal  and  a  triangular  waveform. 
Additional  power  amplification  by  cascaded  digital  amplifier  stages  has  only 
a  second  order  effect  on  the  overall  S/N  ratio. 

A  typical  PDM  circuit  is  shown  in  Fig.  21. 

The  circuit  consists  of  a  square  wa ve  oscillator  followed  by  an  integra¬ 
tor  to  convert  the  square  wave  to  a  triangular  wave  shape.  The  output  of 
the  integrator  is  summed  with  an  analog  signal  in  a  proportional  amplifier. 

A  low  hysteresis  digital  amplifier  follows  the  summer.  This  amplifier  is 
switched  when  the  output  of  the  summer  reaches  the  switching  threshold  of 
the  amplifier. 

Linearity  of  the  PDM  circuit  is  determined  by  the  integrator  and  sum¬ 
mer.  A  high  quality  triangular  wave  must  be  generated  and  summed  in  an 
amplifier  whose  input  impedance  remains  linear  over  the  operating  range. 

The  range  of  the  circuit  is  determined  by  hysteresis  of  the  digital  am¬ 
plifier  following  the  summer. 

An  application  of  the  PDM  circuit  to  a  thrust  vector  control  is  presented 
in  Section  4.  3. 

4.0  AC  FLUIDIC  APPLICATIONS 

The  previous  sections  describe  some  of  the  building  block  elements  and 
circuits  of  AC  fluidics.  It  remains  to  show  how  these  various  pieces  can 
be  brought  together  to  form  a  complete  control  system.  The  particular 
applications  which  will  be  described  are  considered  typical  and  represen¬ 
tative  of  the  present  state-of-the-art  in  AC  fluidics. 


4.  1  AC  Fluidic  Governors 


Governing  shaft  speed  of  a  turbine  or  reciprocating  engine  is  a  natural 
application  for  fluidics.  AC  speed  pickoffs  can  be  used  without  need  for 
gearing  or  any  direct  contact  with  the  rotating  shaft,  and  can  produce  a 
"single  sided"  or  "push-pull"  signal  at  the  choice  of  the  system  designer. 

Figure  22  shows  the  arrangement  of  AC  fluidic  components  to  perform 
the  speed  error  detection  for  such  a  governor.  In  this  case,  a  push-pull 
AC  fluidic  speed  signal  is  used.  The  sensed  speed  signal  is  first  amplified 
and  converted  to  a  differential  signal  A-B.  This  differential  signal  pair  is 
connected  to  a  phase  discrimination  circuit  identical  to  Fig.  19.  One  side 
of  the  differential  signal  is  also  connected  to  a  tuned  resonator  which  in  turn 
is  connected  to  the  third  input  port  on  the  phase  discriminator. 

When  the  sensed  speed  signal  is  equal  to  the  tuned  resonator  frequency, 
a  90°  phase  lag  occurs  across  the  resonator  as  shown.  If  the  speed  is  var¬ 
ied  above  or  below  the  natural  frequency  of  the  resonator  a  corresponding 
increase  or  decrease  in  phase  shift  results  across  the  resonator.  The  dif¬ 
ferential  signal  amplitudes  appearing  across  the  control  ports  of  the  recti¬ 
fiers  in  the  phase  discriminator  circuit  are  dependent  on  the  vector  differ¬ 
ences  between  B-C  and  A-C  as  illustrated  in  Fig.  23.  When  the  operating 
frequency  equals  the  natural  frequency  of  the  resonator  a  90°  phase  differ¬ 
ence  occurs  across  both  B-C  and  A-C  which  results  in  equal  outputs  from 
both  rectifiers  (zero  differential  signal).  Varying  the  operating  frequency 
above  or  below  the  resonant  point  results  in  an  unbalance  of  input  amplitudes 
to  the  rectifier  pair.  This  in  turn  results  in  a  corresponding  variation  in 
the  differential  output  pressure  from  the  discriminator  circuit  as  shown  in 
Fig.  24. 

Normally,  from  this  point  on,  the  signal  processing  in  governing  sys¬ 
tems  uses  dc  techniques  as  described  in  Section  2.0, 

4.  1.  1  Overspced  Sensor  for  Gas  Turbine 

The  more  demanding  control  applications  frequently  call  for  a  combin¬ 
ation  of  proportional  and  carrier  modulation  techniques.  One  such  control 
is  a  fluidic  overspeed  sensor  for  a  small  turbo-shaft  engine.  Here,  the 
use  of  a  "chopper"  tvw*  fluidic  speed  sensor  precludes  the  need  for  one 
power  take-off  shall  aim  redn<  ion  gearing.  This  provides  the  opportunity 
for  considerable  simplification  of  the  engine  design  which  could  represent  a 
major  weight  saving  on  smaller  engines.  (6,7) 

The  "overspeed  sensor"  initially  includes  the  power  turbine  rotor  speed 
sensor  (chopper),  speed  reference  oscillator  and  associated  circuitry,  sig¬ 
nal  summer  and  gain  amplifier,  ground  checkout  means  and  a  built-in  filter 
and  regulator.  The  engine  to  be  controlled  is  an  advanced  1500  SPH 


turboshaft  engine.  The  control  must  handle  "worst  case"  system  failures 
such  as  sudden  loss  of  load.  One  example  is  failure  and  breakaway  of  one 
or  more  helicopter  rotor  blades.  Another  case  would  result  from  certain 
conceivable  failures  of  a  main  power  transmission  gearbox.  Under  such 
conditions,  the  overspeed  sensor  must  effect  engine  shutdown  within  2%  of 
set  point  speed. 

In  such  an  application,  fluidics  has  unique  capabilities  unmatched  by 
other  control  means.  To  protect  against  a  power  turbine  shaft  failure,  the 
chopper  speed  pickoff  is  located  near  the  power  turbine  at  the  hot  aft  end  of 
the  engine.  (Although  a  more  favorable  environment  exists  at  the  forward 
end,  location  of  the  speed  pickoff,  there  would  be  no  protection  against  power 
turbine  shaft  failure. )  The  signal  lines  from  the  chopper  pass  through  the 
hot  exhaust  section  of  the  turbine.  Sensing  of  power  turbine  speed  is  accom¬ 
plished  without  mechanical  contact  with  the  rotor  shaft  and  without  compro¬ 
mises  to  the  design  of  the  rotor  bearings,  bearing  sump,  or  air-oil  seals. 

The  functional  block  diagram  of  the  control  is  shown  in  Fig.  25  and 
the  schematic  diagram  in  Fig.  26.  Basically,  the  control  uses  an  AC  speed 
signal  from  the  chopper,  runs  through  a  decoupler  to  convert  to  push-pull 
AC  signal  and,  after  amplification,  is  run  through  a  frequency-to-analog- 
converter  circuit  resulting  in  a  DC  pressure  signal,  Pc,  proportional  to  the 
sensed  shaft  frequency.  The  AC  output  of  a  fixed  frequency  oscillator  using 
a  mechanical  resonator  reference  is  run  through  a  similar  circuit  resulting 
in  a  reference  pressure,  Pr,  proportional  to  the  set  point  frequency.  This 
is  done  to  eliminate  effects  of  drifts  in  supply  air  pressure  and  temperature. 
Pressures  Pr  and  Pc  are  compared  in  a  summing  amplifier  and,  when  Pc 
exceeds  Pr,  a  sharp  proportional  rise  in  output  PQ  results.  The  output  PQ 
is  transmitted  to  the  main  fuel  control  of  the  engine  where  a  diaphragm 
operated  pilot  valve  varies  the  reference  fuel  pressure  behind  the  bypass 
pressure  regulator  valve.  Upon  the  onset  of  overspeed,  the  regulator  ref¬ 
erence  pressure  is  decreased,  causing  more  fuel  to  be  bypassed  thus  sharp¬ 
ly  reducing  fuel  flow  to  the  engine.  The  net  result  is  a  proportional  or 
droop  overspeed  governor  action. 

Figure  27  shows  the  overspeed  sensor  with  and  without  its  cover.  The 
basic  manifold  is  hexagonal  in  shape  with  the  various  fluidic  circuit  modules 
mounted  on  the  flats.  The  supply  air  filter  and  pressure  regulator  are  con¬ 
tained  in  the  center  of  the  hexagon.  This  assembly  is  designed  for  supply 
air  temperature  of  -65°  to  400°F  with  ambient  temperatures  of  -65°  to  250°F, 
and  uses  a  compensated  resonator  reference  torsional  spring  which  main¬ 
tains  a  frequency  band  within  0.  25%  over  this  range.  All  of  the  major  ele¬ 
ments,  components  rjid  circuits  have  been  tested  for  functional  performance 
at  varying  supply  and  ambient  pressures  typical  of  sea  level  to  over  25000 
ft.  altitude.  The  assembly  weight  is  0.  7  pounds  compared  to  an  initial  de¬ 
sign  goal  of  1.  0  pounds.  One  means  of  weight  reduction  is  the  use  of  an 
aluminum  manifold  which  is  sufficient  for  this  temperature  range. 
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Substitution  of  stainless  steel  for  the  aluminum  manifolding,  higher  temper¬ 
ature  resonator  pivot  material  in  plane  of  Ni-Span  C,  and  metal  seals  for  the 
elastomeric  O  rings  will  raise  temperature  capability  to  1200°F. 

The  fluidic  overspeed  sensor  represents  a  conceptually  simple  com¬ 
bination  of  AC  and  DC  fluidics  which  has  proven  capable  of  meeting  a  demand¬ 
ing  application. 


4. 1.  2  Speed  Control  for  Air  Motor 


Air  motors,  when  operated  from  a  fixed  supply  source,  experience  wide 
variations  in  motor  speed  with  load  and  have  excessive  air  consumption 
when  unloaded.  These  characteristics  can  be  significantly  improved  by  a 
speed  governing  system.  Such  a  system  detects  the  speed  of  the  motor  and 
adjusts  the  supply  to  maintain  a  preselected  speed. 


One  approach  to  the  speed  control  of  an  air  motor  is  an  all-pneumatic 
system  making  use  of  fluidic  techniques  for  sensing,  amplifying,  and  com¬ 
paring  the  speed  signal  with  a  preselected  reference.  A  governor  utilizing 
this  approach  (Fig.  28)  has  been  successfully  applied  to  industrial  air  motors 
rangb.g  from  1/25  to  over  5  HP. 

Figure  29  illustrates  the  functional  arrangement  of  a  governed  air  motor 
system.  The  speed  of  the  motor  is  detected  by  connecting  a  tube  (typically 
1/4  in.  OD)  between  the  exhaust  port  and  the  input  to  the  governor.  The 
pressure  pulsations  caused  by  the  vanes  or  pistons  passing  the  exhaust  port 
are  transmitted  through  the  tubing  to  the  governor  as  an  acoustic  frequency. 
These  pressure  pulsations  are  interfaced  with  the  governor  by  means  of  a 
simple  diaphragm  which  acts  as  a  blocking  capacitor,  oassing  the  desired 
frequency  signal  while  blocking  the  steady-state  pressure  level. 

The  pneumatic  frequency  signal  is  next  converted  to  a  proportional 
pressure  level  and  compared  with  a  preset  reference  pressure  to  produce 
a  differential  speed  error  signal.  This  speed  error  signal  is  then  ampli¬ 
fied  by  means  of  a  multi-stage  fluidic  amplifier  and  interfaced  with  a  vol¬ 
ume  booster  valve  to  produce  the  required  air  supply  pressure  for  the 
motor. 


Exhaust  Speed  Signal 


The  pressure  pulsations  associated  with  the  air  motor  exhaust  are 
caused  by  the  passage  of  the  vanes  or  pistons  by  the  exhaust  port,  allowing 
the  sudden  release  of  the  working  pressure.  Typically,  the  pressure  drop 
across  the  exhaust  port  of  an  air  motor  is  about  80  percent  of  the  incoming 
supply  pressure.  This  rather  high  discharge  pressure  is  due  to  the  limited 
expansion  permitted  through  the  motor.  A  typical  time  trace  of  the  pres¬ 
sure  pulsations  in  air  motor  exhaust  is  shown  in  Fig.  30.  Considerable 
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attenuation  has  occurred  due  to  the  internal  volume  between  the  exhaust  port 
and  the  point  of  measurement. 


From  the  general  shape  and  spacing  of  the  exhaust  pulsations,  it  is  seen 
that  the  wave  form  is  made  up  of  a  number  of  higher  harmonics  in  addition 
to  the  fundamental  frequency  representing  motor  speed.  Unless  some  care 
is  taken  in  adapting  the  sensing  line  to  the  exhaust  port,  these  higher  har¬ 
monics  can  be  accentuated  and  transmitted  to  the  governor  as  an  erroneous 
signal. 

Selection  of  a  non-resonating  type  exhaust  muffler  will  usually  insure 
successful  signal  detection.  Muffler  designs  which  provide  a  diffusing  flow 
through  a  porous  media,  such  as  felt  or  sintered  metal,  are  generally  pre¬ 
ferred  over  a  reflecting  chamber  design. 

A  second  cause  of  faulty  signal  transmission  is  the  transmitting  line 
itself.  If  the  line  is  not  sized  properly,  it  is  possible  to  set  up  various 
standing  wave  patterns  which  will  cause  signal  cancellation  at  certain  fre¬ 
quencies.  This  problem  can  be  solved  in  a  classical  manner  by  terminating 
the  transmission  line  with  its  characteristic  impedance  (proper  size  orifice 
venting  at  atmosphere).  A  simpler  approach,  which  avoids  the  need  for 
"fine  tuning",  is  to  use  a  line  that  is  sufficiently  "lossy"  to  minimize  reflect¬ 
ed  waves  and  avoid  cancellation.  A  1/4- in.  tube  in  excess  of  2  ft.  in  length 
will  generally  provide  satisfactory  performance. 

Signal  De-coupler 

The  acoustic  signal  is  interfaced  to  the  governor  through  a  flexible 
diaphragm  which  acts  similar  to  an  audio  speaker.  Acting  on  one  side  of 
the  diaphragm  is  the  total  exhaust  pressure  made  up  of  the  steady-state 
back  pressure  due  to  the  muffler  and  the  small  pressure  pulsations  due  to 
the  cyclic  discharge  of  working  volume.  The  opposite  side  of  the  diaphragm 
produces  an  oscillating  pumping  action  in  response  to  the  exhaust  pulsations. 
Any  variation  in  steady-state  exhaust  pressure  is  rejected  by  the  diaphragm. 
The  diaphragm  also  serves  two  other  important  functions.  It  provides  some 
additional  signal  rejection  of  the  higher  harmonics  that  may  be  present,  and  it 
prevents  any  oil  or  contamination  from  entering  the  governor  circuit. 

Frequency  to  Analog  Conversion 

The  decoupled  speed  signal  is  processed  by  a  frequency  to  analog  cir¬ 
cuit  similar  to  the  circuit  used  in  the  overspeed  sensor  (Fig.  26). 

Comparator  Amplifier 

Once  the  motor  speed  has  been  detected  and  converted  to  a  useable  pres¬ 
sure  signal,  it  is  compared  to  a  reference  pressure  representing  the 


desired  operating  speed.  The  difference  between  the  actual  speed  signal  and 
the  reference  is  the  error  signal  used  to  provide  the  necessary  corrective 
action.  This  error  signal  is  produced  by  means  of  a  differential  fluidic  amp¬ 
lifier  which  sums  the  tachometer  signal  with  a  preselected  reference  pres¬ 
sure.  The  difference  is  amplified  and  then  used  to  operating  a  conventional 
volume  booster  relay  valve.  The  relay  valve  provides  an  additional  pressure 
amplification  as  well  as  the  required  volume  flow  to  power  the  air  motor. 
This  added  pressure  gain  is  needed  to  match  the  relatively  low  fluidic  pres¬ 
sure  levels  (typically  10  psi)  with  the  maximum  operating  pressures  required 
by  the  air  motor. 

Dynamic  Considerations 

As  with  any  closed  loop  controller,  it  it  necessary  to  consider  total 
system  dynamics  to  some  extent  before  going  too  far  with  the  application. 

The  size  of  motor,  type  of  load,  and  characteristic  of  the  duty  cycle  all  play 
some  part  in  the  overall  performance  of  the  system. 

At  one  extreme,  an  application  may  consist  of  a  large  motor  driving  a 
low  inertia  load  with  little  damping.  In  this  case,  care  must  be  exercised 
to  insure  a  stable  operating  condition  is  achieved  by  slowing  down  the  high 
frequency  response.  In  other  applications,  the  opposite  extreme  may  be  en¬ 
countered  where  the  nature  of  the  load  is  such  that  a  very  sluggish  perfor¬ 
mance  will  exist  unless  special  effort  is  made  to  maximize  the  higher  fre¬ 
quency  response. 

In  most  applications,  it  is  impractical  to  change  the  various  gain  values 
or  load  characteristics  to  satisfy  particular  stability  requirements.  Instead, 
it  is  much  simpler  to  design  a  system  which  is  slightly  unstable  but  has  the 
ability  to  be  compensated. 

The  compensation  technique  used  on  the  fluidic  governor  is  to  simply 
add  a  small  volume  in  the  tachometer  circuit.  This  volume  (which  can  be 
a  pressure  gage)  slows  down  the  speed  signal  sufficiently  to  prevent  any  un¬ 
desirable  oscillations.  From  a  performance  standpoint,  the  delay  volume  in 
the  tachometer  circuit  acts  similar  to  an  increase  in  load  inertia.  Typical 
crossover  frequencies  for  properly  compensated  governor  systems  range  be¬ 
tween  5  and  10  rad/sec. 

4.  2  Fluidic  Control  for  a  J-79  Engine 

Another  earlier  application^1  ^  of  combined  AC  and  DC  fluidics  repre¬ 
sents  a  more  complex  system  requirement.  This  application  consisted  of 
a  fluidic  demonstrator  control  of  the  J79-GE-15  jet  engine.  The  broad  scope 
of  this  program  was  to  develop  fluidic  hardware  to  perform  the  function  of 
engine-speed  governing  and  transient-fuel  control.  Transient-fuel  control 
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includes  control  of  fuel  flow  during  engine  starting  and  during  engine  speed 
changes,  and  is  required  to  prevent  compressor  stall  and  turbine  over- 
temperature. 

4.  2.  1  Control  Mode 

The  first  item  of  work  under  the  program  was  to  establish  a  method  of 
controlling  the  engine  that  was  compatible  with  the  engine  requirements  and 
the  capabilities  of  fluidics.  This  was  accomplished  using  both  analog  and 
digital-computer  simulations  in  parallel  with  preliminary  component  and 
sub-system  development.  As  a  result  of  these  studies,  the  following  con¬ 
trol  mode  evolved: 

Steady  State 

•  The  corrected  rotor  speed  of  the  engine  is  scheduled  as  a  function 
of  the  pilot's  throttle  position  (afa)  and  is  maintained  by  varying 
engine  fuel  flow  (Wf). 

•  A  maximum  speed-limit  circuit  is  incorporated  to  prevent  the 
engine  physical  speed  from  exceeding  the  maximum  allowable  speed 
limit  of  7420  rpm. 

Transient 


In  the  starting  range,  the  engine  fuel  flow  is  schediled  as  a  function  of 
compressor  discharge  static  pressure  (CDP).  At  a  speed  just  below  idle 
(4200  rpm),  control  of  fuel  flow  is  switched  to  the  acceleration  fuel  limit. 

During  engine  accelerations,  the  rate  of  change  of  fuel  flow  (dW^/dt) 
is  limited  as  a  function  of  compressor  discharge  static  pressure.  This 
schedule  was  established  to  provide  as  fast  an  acceleration  as  possible  and 
still  prevent  compressor  stall  and  turbine  overtemperature. 

The  deceleration  fuel  schedule,  required  to  prevent  a  combustor  blow 
out  during  a  throttle  chop,  was  made  the  mirror  image  of  the  acceleration 
schedule. 

4.2.2  Control  Mechanization 

Figure  31  shows  the  control  system  block  diagram.  The  regular  hydro¬ 
mechanical  main  fuel  control  was  nodified  to  include  an  interface  unit  to 
accept  a  pneumatic  differential  oressure  input  from  the  fluidic  control.  The 
interface  unit,  consisting  of  a  bellows -operated  servo  valve,  provides  a 
hydraulic  supply  output  to  the  metering  valve  power  piston  which  slews  the 
fuel-metering  valve  at  a  velocity  proportional  to  the  pneumatic  differential 
pressure  input  signal.  Pressure  drop  across  the  fuel  metering  valve  ports 
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is  maintained  by  a  pressure-drop  regulator  and  fuel  bypass  valve.  Thus, 
the  position  of  the  fuel  valve  is  directly  related  to  engine  fuel  flow.  A 
fluidic  transducer  on  the  fuel  valve  provides  a  position  feedback  signal 
from  the  fuel  valve  to  the  fluidic  control. 

A  manually  operated  mode  selector  valve  permits  selection  of  engine 
fuel  control  by  the  normal  hydromechanical  control  or  by  the  pneumatic 
input  signal  from  the  fluidic  control. 

For  engine  checkout  purposes,  the  selector  valve  can  be  positioned  to 
allow  operation  in  the  normal  hydromechanical  control  mode.  During  either 
mode  of  fuel  control,  the  compressor  variable  stators  are  controlled  by  the 
hydromechanical  control. 

The  fluidic  control  provides  the  following  four  functions: 

1.  Control  of  steady-state  corrected  speed  as  a  function  of  fuel 

2.  Protection  of  the  engine  by  imposing  limits  on 

•  overspeed 

•  stall  margin 

•  turbine  inlet  temperature 

3.  Provision  for  servo  stability  by  compensating  the  engine  time  constant. 

4.  Engine  start. 

Figure  32  shows  a  simplified  circuit  schematic  for  normal  operation. 

A  brief  description  of  the  four  control  functions  follows. 

Speed  Controls.  Engine  speed  is  sensed  by  a  specially-designed  tachom¬ 
eter  which  converts  speed  to  pneumatic  sine  wave;  two  speed-governor  re¬ 
ceive  this  pneumatic  signal.  One  go v-ernor  compares  corrected  speed  with 
that  requested  by  the  pilot  (via  throt*le  motion).  The  other  governor  is  a 
fixed  frequency  topping  governor.  Both  governors  use  circuitry  as  in  Fig. 

22.  In  the  case  of  the  corrected  speed  governor,  the  resonator  is  a  variable 
volume  Helmholtz  resonator.  The  volume  is  a  function  of  throttle  motion, 
and  it  is  continually  flushed  with  compressor  inlet  air  by  means  of  an  ejec¬ 
tor.  Tence,  a  given  throttle  position  calls  for  a  given  corrected  speed  by 
setting  resonator  volume.  The  fixed  frequency  topping  governor  uses  a 
mechanical  resonator  similar  in  principle  to  that  of  Fig.  13  set  to  hoi  *  a 
maximum  engine  speed  of  7420  rpm.  The  two  governor  output  signals  are 
differential  pressures  representing  speed  error  of  each  governor.  Ti.ese 
two  signals  are  processed  by  the  selector-limiter  circuit  so  as  to  pass  the 
signal  of  the  governor  demanding  the  lowest  set  point  speed.  As  will  be 
explained  shortly,  this  selected  error  is  subsequently  limited  proportional 
to  CDP  to  provide  the  acceleration  and  deceleration  schedules.  The 
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limited  output  AP  is  applied  to  the  servo  loop  input  as  a  fuel-metering-valve 
rate  demand.  To  understand  operation  of  the  selector,  refer  to  the  simplified 
circuit  diagram.  Fig.  33.  Assume  engine  speed  is  at  98  percent  speed  and 
the  topping  governor  is  set  to  override  at  100  percent  speed.  Further  assume 
that  the  pilot  demands  an  overspeed  condition  of  105  percent  speed.  The 
polarities  of  the  speed  signals  are  indicated  by  the  presence  of  dashed  lines 
at  the  input  to  proportional  amplifiers  3  and  4.  Actually,  pressures  are 
applied  on  all  four  input  lines  but,  since  only  differential  values  are  of  in¬ 
terest,  we  will  assume  for  simplicity  that  the  solid  lines  are  at  zero/gage 
pressure.  Since  the  pilot -controlled  corrected  speed  governor  is  set  above 
the  topping  governor,  its  speed  error  is  proportionally  greater  as  noted  by 
the  heavier  dashed  lines.  A  comparison  between  these  signals  is  made  at 
amplifier  number  1  and  a  proportional  jet  deflection  is  obtained.  Amplifier 
2  is  a  digital  device  which  is  triggered  by  amplifier  1.  This  amplifier  has 
only  on-off  capability  and  is  actually  the  power  supply  to  amplifier  3  or  4. 

For  the  example  chosen,  only  the  top- speed  error  amplifier  has  its  power 
supply  activated,  since  element  number  2  is  switched  to  element  numbei  4. 
Therefore,  the  ica-speed  governor  pressure  signal  is  passed  through  to  the 
selector  output.  Even  though  a  corrected  speed  error  is  present  at  all 
times,  this  signal  is  disabled  because  amplifier  number  3  has  no  power 
supply.  The  cortrol  is  auto?natically  switched  back  to  the  corrected  gover¬ 
nor  when  the  thr  Jttle  is  retarded  since,  for  this  case,  the  lowest  set  point 
would  then  be  corrected  speed. 

Limits  Control.  Transient  fuel  limit  control  is  performed  by  limiting 
the  selected  speed  error  signal  proportional  to  CDP  thereby  generating 
acceleration/deceleration  schedules  whicn  protect  the  engine  from  com¬ 
pressor  stall  and  turbine  over-temperature.  The  final  output  of  this  loop 
is  a  differential  pressure  signal  which  requests  a  safe  metering-valve  rate 
on  which  to  control  the  engine. 

The  limiting  of  the  selec  tor  speed  error  signal  is  accomplished  by  tak¬ 
ing  advantage  of  the  inherent  characteristics  of  fluidic  operational  amplifiers. 
The  saturation  levels  at  the  amplifier  output  are  directly  related  to  the  power 
supply.  If  the  amplifier  supply  pressure  is  proportional  to  CDP,  the  amp¬ 
lifier  output  will  saturate  and  the  speed -error  limit  will  be  controlled  direct¬ 
ly  by  CDP.  Proper  design  of  the  saturation  levels  effectively  controls  the 
acceleration  and  deceleration  schedules.  Operational  amplifiers  are  used 
here  because  of  their  flat  saturation  characteristics  and  because  negative 
feedback  around  the  amplifier  maintains  nearly  constant  forward  gain  inde¬ 
pendent  of  supply  pressure--an  important  consideration  when  operating  be¬ 
tween  the  limit  conditions. 

Operation  of  the  limiter  can  be  best  illustrated  by  referring  to  an  X-Y 
recording  of  the  amplifier  characteristics  at  variable  supply  pressures 
(variable  CDP).  Figure  34  is  an  X-Y  recording  of  output  differential  pres¬ 
sure  versus  input  differential  pressure. 


For  low  values  of  CDP,  low  saturations  are  achieved.  When  speed 
demand  is  nulled  with  engine  speed,  circuit  operation  is  within  the  propor¬ 
tional  band  of  the  limiter.  Negative  saturations  are  the  deceleration  limit 
and  positive  saturations  are  the  acceleration  limit.  As  CDP  increases  so 
do  the  saturation  levels. 

Servo  Loop.  The  function  of  the  servo  loop  is  to  convert  the  output  of 
the  limit  circuit  to  fuel  flow  and  actually  control  engine  speed.  Beginning 
with  the  outermost  loop,  the  action  of  the  rate  transducer  is  to  make  possible 
an  integration  between  speed  error  and  fuel  flow  which  makes  the  overall  con¬ 
trol  isochronous,  i.  e. ,  capable  of  holding  speed  at  zero  error.  This  trans¬ 
ducer  is  lagged  at  a  time  constant  to  compensate  the  engine  dynamics.  The 
integrator  inserted  in  the  loop  makes  the  loop  a  type  1  servo  capable  of  con¬ 
trolling  metering-valve  rate  at  zero  error.  The  action  of  the  integrator 
converts  metering- valve  rate  error  to  its  integral  which  is  metering-valve 
position.  This  position  command  signal,  in  the  form  of  a  differential  pressure, 
is  converted  to  actual  metering- valve  position  in  the  innermost  position  loop. 
(This  innermost  position  loop  has  already  been  discussed  in  Section  2.  3.  2. ) 

A  tapered  metering  port  then  produces  fuel  flow  proportional  to  position. 
Ultimately,  fuel  flow  drives  the  engine,  and  the  entire  loop  is  closed  through 
engine  speed. 

Implementation  of  the  servo  loop  was  by  operational  amplifier  techniques. 
Of  particular  interest  is  the  integrator  which,  using  techniques  similar  to 
those  of  section  2.  3.  7  achieved  integration  rates  on  this  control  using  3  cubic 
inch  volumes  which  would  have  required  a  1  gallon  can  using  the  more  usual 
approach  to  integration  (high  forward  gain  lagged  with  RC  networks). 

Start  Controls.  Fluidic  circuits  are  used  to  convert  the  control  loop  to 
a  start  configuration  as  shown  in  Fig.  35.  A  single  pressure  pulse,  applied 
by  the  pilot,  disconnects  both  the  selector  output  and  rate  feedback  to  the 
servo  loop.  Simultaneously,  fluidic  pressure  feedback  is  established  around 
the  integrator,  making  the  combination  a  simple  pressure  repeating  loop. 

CDP,  applied  to  the  input,  then  effectively  becomes  fuel  to  the  engine.  As 
speed  builds  up  so  does  CDP,  and  a  start  schedule  of  fuel  flow  versus  CDP 
is  established.  Design  of  the  start  schedule  must  be  such  that  sufficient 
fuel  flow  is  added  to  accelerate  the  engine  but  not  overtemperature  the  tur¬ 
bine  or  stall  the  compressor.  At  a  speed  of  4200  rpm,  the  circuitry  auto¬ 
matically  switches  from  the  start  configuration  to  the  operate  configuration 
and  engine  speed  moves  in  a  smooth  transient  to  the  speed  set  on  the  pilot's 
speed  governor.  Normal  procedure  is  to  set  the  pilot's  throttle  to  idle  speed 
on  start. 


The  speed  switch  circuit  functions  are  as  follows: 

1.  Generate  a  speed  signal  which  is  directly  proportional  to  the  speed 
of  the  engine. 
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2.  Recognize  the  one  speed  where  controlling  is  required  and  generate 
a  digital  output  signal  at  the  speed;  this  digital  output  is  the  power  supply  to 
an  operational  amplifier  in  the  start  circuit. 

The  latter  circuit  requirements  dictate  the  following  components. 

1.  A  speed  sensor  which  is  mounted  to  the  engine  generates  a  speed 
signal.  Actually  the  unused  output  of  one  speed-governor  circuit  driver  is 
employed,  thus  requiring  no  additional  hardware  to  generate  this  signal. 

2.  A  Helmholtz  resonator  which  is  used  for  speed  recognition. 

3.  A  Helmholtz  coupler  amplifier  (OR/NOR  Fluid  Amplifier)  which  is 
used  for  coupling  the  resonator  to  an  amplifier. 

4.  Amplification  (digital-amplifier  element)  and  final  conversion  (Flip- 
flop  element). 

The  complete  speed  switch  circuit  is  shown  in  Fig.  36.  The  curve  of 
Fig.  37  represents  amplitude  characteristics  of  the  Helmholtz  resonator. 

Operation  of  the  speed  switch  can  be  best  summarized  by  considering 
the  circuit  operation  as  the  engine  is  accelerated  through  the  switch  point. 
Assume  initially  that  a  reset  pulse  is  applied  to  the  converter's  control  port 
"H"  (refer  io  Fig.  36)  and  that  the  speed  signal  applied  to  the  Helmholtz 
resonator  is  well  below  the  resonant  frequency  of  the  resonator.  This  cor¬ 
responds  to  the  circuit  condition  at  LIGHTOFF. 

A  summary  of  the  state  of  the  circuit  elements  is  as  follows: 

(A)  Coupler's  supply  flow-directed  toward  digital  amplifier's  control 
port  "E" 

(B)  Digital  amplifier's  supply  flow-dumping  to  atmosphere  through 
output  port  "F" 

(C)  Converter's  supply  flow-directed  toward  load  Rj^  through  port  "K" 

Assume  that  engine  speed  increases  due  to  the  action  of  the  start  sched¬ 
ule  and  the  pressure  signal  to  the  Helmholtz  resonator  is  increased  in  fre¬ 
quency  until  the  Helmholtz  output  signal  is  sufficient  in  amplitude  to  switch 
the  coupler  element.  Most  repeatable  switching  characteristics  are  achiev¬ 
ed  if  the  switch  point  is  set  at  the  resonator  half-power  point  which  is  the 
largest  rate  of  change  of  amplitude  with  frequency. 

Once  the  switch  is  obtained,  the  positive  feedback  connected  between 
the  output  of  the  circuit  to  the  coupler  input  effectively  "latches"  the  control 
onto  the  rate  schedule.  The  output  will  remain  in  this  condition  until  a  reset 
pulse  is  applied  to  port  "H". 
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4.  2.  3  Control  Construction 


A  modular  design  approach  was  employed  in  the  control  hardware  assem¬ 
bly.  Circuits  performing  like  functions  or  circuits  that  could  be  identified 
as  a  development  module  were  individually  mounted  on  aluminum  panels  and 
interconnected  with  stainless  steel  tubing.  The  modular  approach  also  allow¬ 
ed  a  maximum  of  development  flexibility  and  ease  of  measurement  at  key 
points  in  the  system. 

The  control  is  engine  mounted  and  consumes  1  lb/min  of  air  at  25  psig. 

If  bled  from  the  compressor  at  a  pressure  ratio  of  3:1,  this  air  consump¬ 
tion  would  require  approximately  1.  3  hp  turbine  power.  It  is  estimated 
that,  if  aircraft  packaging  techniques  were  used,  the  fluidic  as  well  as  all 
hydraulic  components  (including  the  variable  stator  system)  could  be  pack¬ 
aged  in  a  volume  of  360  cu  in. 

Figure  38  is  a  photo  of  the  control. 

4.2.4  Engine  Test  Results 

The  complete  control  system  was  entirely  engine  mounted  and  steel 
tubing  was  used  for  all  fluidic  system  interconnections. 

In  over  11  hours  of  engine  operation,  the  fluidic  control  system  success¬ 
fully  controlled  the  engine  during  starting  and  during  steady-state  and  trans¬ 
ient  operation  between  idle  and  100  percent  speed.  The  transient  operation 
included  numerous  throttle  bursts  and  chops  between  5400  rpm  (idle)  and 
7420  rpm  (100  percent).  The  acceleration  time  from  idle  to  100  percent 
speed  was  approximately  4  sec.  Also,  throttle  "Bodes,"*  in  which  the  throt¬ 
tle  was  chopped  from  100  percent  speed  to  idle  and  as  speed  was  passing 
through  approximately  6000  rpm  was  readvanced  to  100  percent  speed,  were 
made.  A  typical  time  trace  of  engine  speed  during  a  throttle  Bode  is  shown 
in  Fig.  39.  In  this  severest  of  transient  tests,  no  stalls  were  encountered. 

One  problem  area  identified  during  the  engine  test  was  an  approximate 
*0.4  percent  speed  fluctuation  about  a  steady-state  speed  point.  A  post¬ 
engine  test  investigation  on  an  engine-simulator  bench  test  stand  has  indi¬ 
cated  that  excessive  phase  shift  across  the  metering  valve  and  engine  caus¬ 
ed  the  observed  speed  fluctuation.  Figure  40  is  an  oscilloscope  photograph 
taken  on  the  simulator  stand  and  shows  the  instanteous  speed-holding  accu¬ 
racy  of  the  control.  The  top  trace  shows  transient  speed  wobble  (approxi¬ 
mately  ±0.  12  percent)  at  the  nominal  anticipated  loop  phase  shift. 

*A  throttle  chop  followed  by  an  advance  of  the  throttle  when  the  engine  is 
passing  through  a  specified  speed  range. 
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Additional  phase  shift,  over  and  above  that  for  which  the  fluidic  control 
dynamics  were  designed,  was  probably  present  during  the  engine  test  run. 
The  lower  trace  illustrates  the  effect  of  30°  less  phase  margin  on  the  speed¬ 
holding  capability  of  the  control.  In  this  case,  the  oscillation  increased  to 
±0.  48  percent  of  set  point,  a  condition  representative  of  actual  engine  test 
experience.  The  oscillations  were  not  a  servo  instability  but  rather  amp¬ 
lified  noise  resulting  from  underdamping  of  the  entire  loop  through  the 
engine.  This  effect  has  been  substantiated  analytically  and  is  eliminated 
by  increased  phase  lead  across  the  servo  loop. 

The  ability  of  the  control  to  hold  the  average  set-point  speed  was  excel¬ 
lent.  Figure  41  presents  four  digital  tapes  taken  during  the  post -engine 
test-bench  investigation.  Headings  were  sampled  six  times  per  minute. 

On  a  statistical  basis,  the  worst  speed-holding  accuracy  obtained  was  0.033 
percent  of  set  point  (one  standard  deviation);  the  lower  part  of  Fig.  41 
summarizes  the  reduced  data.  Due  to  the  long  sampling  times,  transient 
speed  perturbations  are  not  reflected  in  Fig.  41. 

Subsequent  to  the  engine  test,  the  control  was  returned  to  the  bench  test 
setup  and  subjected  to  air-inlet  temperatures  up  to  750F  while  varying  the 
power  supply  pressure  i2 0  percent.  Satisfactory  control  operation  was  ob¬ 
tained  under  these  extended  conditions. 

4.  3  Temperature  Controller 


The  ability  to  accurately  sense  and  control  high  gas  temperatures  is  a 
serious  problem,  particularly  in  propulsion  engines.  Conventional  methods 
using  thermoelectric  devices  are  limited  by  the  relatively  low  operating 
temperature  capability  of  the  materials.  Oxidation  and  corrosion  can  also 
be  serious  problems  when  using  these  devices  in  typical  hot  gas  atmospheres. 
Fluidic  techniques  now  offer  the  ability  to  sense  gaseous  temperatures  up 
to  the  limits  imposed  by  the  material  properties  of  the  sensors. 

The  operation  of  the  fluidic  temperature  sensor  makes  use  of  the  tem¬ 
perature  sensitivity  of  an  acoustical  whistle.  A  portion  of  the  hot  gas  to  be 
controlled  is  used  to  produce  a  high  frequency  whistle  in  a  specially  designed 
cavity.  The  actual  frequency  produced  by  the  whistle  is  proportional  to  the 
acoustic  velocity  of  the  gas  which  in  turn  is  approximately  proportional  to 
the  square  root  of  the  absolute  gas  temperature.  For  a  particular  sensor 
design  the  operating  temperature  can  be  calibrated  in  terms  of  the  result¬ 
ing  whistle  frequency. 

The  frequency  level  generated  in  most  fluidic  temperature  sensors  is  in 
the  range  of  several  thousand  cycles  per  second.  This  very  high  frequency 
level  can  be  scaled  down  by  an  order  of  magnitude  or  more  by  comparing 
the  sensor  frequency  to  a  reference  frequency.  The  frequency  difference 
between  the  sensor  and  reference  is  obtained  in  a  beat  frequency  detector 
and  used  for  control  purposes. 
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A  particular  circuit  arrangement  for  a  fluidic  temperature  control^ 
which  has  been  successfully  demonstrated  by  the  General  Electric  Company 
is  shown  in  Fig.  42.  This  design  uses  two  whistle  type  sensors  tuned  such 
that  their  frequency  difference  is  relatively  small.  Each  individual  sensor 
frequency  is  proportional  to  the  square  root  of  the  absolute  gas  temperature. 

If  the  difference  of  these  relatively  high  frequencies  is  obtained,  then  it  too 
will  be  proportional  to  the  square  root  of  the  absolute  temperature. 

f !  =  1 ^  A 

fa  =  Ka  A 

&f  ■  fx  -  fa  =  (I<!  -  Ka)/i 

The  detection  of  the  frequency  difference  signal  is  accomplished  by  means 
of  a  fluidic  beat  frequency  detector  as  previously  described  and  shown  in 
Fig.  17. 

Conversion  of  the  relatively  low  frequency  temperature  signal  from 
the  beat  detector  to  a  DC  or  analog  pressure  can  be  accomplished  with  a  fre- 
quency-to-analog  circuit.  Another  method  for  providing  this  final  DC  control 
signal  is  to  use  the  same  basic  speed  control  circuit  illustrated  in  Fig.  22. 

The  input  frequency  in  this  case  would  represent  temperature  rather  than 
speed  and  the  tuned  resonant  frequency  would  correspond  to  a  desired  oper¬ 
ating  temperature.  The  output  differential  pressure  represents  deviation 
of  temperature  from  the  desired  value. 

4. 4  A  Fluidic  PPM  for  Thrust  Vector  Control 

A  PDM  unit  shown  in  Fig.  43  was  developed  for  a  specific  missile  appli¬ 
cation  in  which  a  pneumatic  analog  signal  from  a  two  axis  attitude  gyro 
reference  required  conversion  to  a  PDM  output  capable  of  driving  the  two 
sets  of  guidance  control  actuators  on  a  missile. 

Design  Requirements 

The  requirements  for  this  PDM  circuit  were  as  follows: 

•  Input  command  signal  levels  of  less  than  ±0.  3  psi  pressure  and 
0.  05  scfm  flow. 

•  Output  control  pressures  to  the  actuators  of  10  psi  differential  across 
the  load  at  a  minimum  flow  rate  per  channel  of  2.  8  scfm. 

•  The  linearity  of  output  pressure  &Po  for  the  full  range  of  input  con¬ 
trol  pressure  &PC  to  be  within  ±10%  of  the  point  setting  or  2%  of  the  maximum 
&P0,  whichever  is  greater. 
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•  Operating  range  of  PDM  modulation  up  to  ±90%. 

•  Gain  of  the  unit  to  be  adjustable  over  the  range  87%  10.  1  psi  to  29% /0.  1 

psi. 

•  Operate  within  the  above  specifications  over  a  temperature  range  of 
-20  to  165F. 

•  The  PDM  circuit  design  must  also  meet  all  missile  shock  and  vibra¬ 
tion  design  specifications. 

Circuit  Design 

The  circuit  design  shown  in  block  diagram  form  in  Fig.  44  employs  com¬ 
mercially  available  fluidic  element  and  resistor  components.  A  single  oscil¬ 
lator  drives  two  identical  PDM  circuits  each  controlling  one  attitude  axis. 

The  triangular  wave  oscillator  is  made  of  an  integrator  (12)  and  flip- 
flops  (10  and  11)  interconnected  as  a  negative  feedback  oscillator.  Thus, 
when  flip-flops  (10  and  11)  switch  they  provide  a  step  input  to  the  integrator. 
The  integrated  step  input  provides  a  ramp  output.  When  the  amplitude  of 
the  ramp  output  from  the  integrator  equals  the  threshold  of  the  flip-flop 
(10),  the  latter  switches  and  provides  the  opposite  polarity  step  input  to 
the  integrator.  The  integrator  then  provides  a  ramp  output  in  the  opposite 
direction.  Thus,  the  output  of  the  integrator  produces  a  triangular  wave. 

The  integrator  is  of  the  positive  feedback  type  using  one  stage  of  amplification. 

The  triangular  wave  and  the  analog  input  signal  are  summed  in  amplifier 
(2).  An  amplifier  stage  (1)  is  used  between  the  command  input  signal  from 
the  rate  gyros  and  the  proportional  summer  to  provide  necessary  signal  level 
matching  at  the  summing  point.  The  resistors  on  the  output  of  amplifier  #1 
are  of  a  variable  type  which  can  be  independently  adjusted.  Gain,  or  percent 
modulation/psi,  is  adjusted  by  changing  each  resistor  an  equal  amount.  Bias 
is  adjusted  by  changing  only  one  resistor  to  maintain  gain  exactly  constant. 

The  output  of  the  proportional  summer  drives  a  staged  digital  amplifier 
made  up  of  elements  (3)  through  (6)  utilizing  flip-flops  to  provide  the  function 
of  bistability  with  memory.  Supply  pressures  are  cascaded  from  5  to  60  psi 
to  provide  the  necessary  power  amplification  to  drive  the  final  output 
amplifiers. 

The  final  output  amplifier,  elements  (8)  and  (9)  have  0.02  x  0.  064  inch 
power  nozzles.  Two  amplifiers  per  channel  are  used  each  providing  1.4 
scfm  at  10  psi.  The  outputs  of  these  two  amplifiers  can  then  be  paralleled 
to  provide  the  design  flow  requirement  of  2.  8  scfm.  Element  (7)  is  simi¬ 
lar  to  elements  (8)  and  (9)  and  provides  the  necessary  power  gain.  Ele¬ 
ments  (7)  through  (9)  operate  with  60  psig  supply.  This  circuit  diagram 
(Fig.  3)  illustrates  the  magnitude  and  number  of  the  various  types  of 
fluidic  elements  required  to  mechanize  the  PDM. 


KEY  COMPONENTS 


The  successful  implementation  of  the  PDM  circuit  resulted  from  three 
key  components;  namely  (1)  the  trangular  wave  oscillator,  (2)  the  summer, 
and  (3)  a  highly  efficient  output  amplifier  stage.  As  a  result  of  an  innovative 
oscillator  circuit  configuration  a  reliable  and  clean  sawtooth  triangular  pres¬ 
sure  wave  shape  was  developed.  A  typical  trace  of  the  oscillator  output  is 
shown  in  Fig.  45. 

In  the  design  of  the  summing  amplifier  attention  was  directed  toward 
minimizing  the  switching  hysteresis  by  impedance  and  level  matching  tech¬ 
niques  to  achieve  the  performance  accuracies  required  of  the  PDM. 

4.  4  PDM  Circuit  Fabrication 


The  unit  was  constructed  entirely  of  stainless  steel  laminates  except 
for  the  end  plates  and  resistor  knobs,  which  were  machined  elements.  Final 
assembly  of  the  unit  was  performed  by  diffusion  bonding.  The  PDM  circuit 
when  completely  assembled  and  bonded,  contains  44  differently  configured 
laminates  of  various  stacked  numbers,  0.010  +  0.004  inches  in  thickness, 
totaling  175  laminations  per  PDM  circuit  stack.  The  configuration  as  shown 
provides  an  integrated  circuit  possessing  an  extremely  high  packaging  den¬ 
sity.  The  material  used  in  the  fabrication  was  Type  304  stainless  steel. 

PDM  Performance  Results 


Figure  46  is  a  direct  tracing  of  an  oscillograph  recording  of  the  typical 
PDM  output  at  0%  modulation  and  at  bo‘h  ->.35 %  modulation.  The  percent 
modulation  determined  from  this  recorded  data  is  measured  at  the  switching 
initiating  points  for  each  cycle.  It  should  be  noted  that  the  recording  equip¬ 
ment  could  not  completely  follow  the  pressure  changes  during  the  switching 
cycle;  hence,  the  variance  in  spike  height  is  not  meaningful. 

The  output  linearity  and  gain  change  capability  obtainable  with  this  PDM 
unit  are  shown  in  Fig.  47.  The  symmetry  of  both  channel  outputs  for  the 
fluidic  circuit  is  also  graphically  shown.  The  data  in  this  figure  was  obtained 
at  both  the  29%  modulation  minimum  gain  and  87%  modulation  maximum  gain 
settings. 

This  development  effort  has  included  the  fabrication  of  20  PDM  units 
under  contracts  to  the  U.  S.  Army  Missile  Command  Guidance  and  Control 
Directorate,  Redstone  Arsenal,  Alabama. 

5.0  CONCLUSIONS 

Both  proportional  and  carrier  techniques  offer  their  own  unique  advan¬ 
tage  to  the  control  designer.  At  the  risk  of  oversimplification  it  can  be  said 
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that  AC  techniques  offer  advantages  where  signals  must  be  transmitted  over 
a  distance  or  face  attenuation  or  interference  by  other  means;  where  very 
accurate  references  are  needed,  and  where  AC  types  of  sensors  are  pre¬ 
ferable  due  to  accuracy,  response,  or  installation  requirements.  For 
flexibility  of  circuitry  and  ability  to  perform  a  variety  of  computations 
including  frequency  shaping,  DC  techniques  usually  have  an  advantage. 
Certain  AC  circuits  are  available  to  perform  a  limited  number  of  such  func¬ 
tions,  but  each  is  fairly  specialized.  In  general,  where  a-c  techniques 
are  used,  they  appear  in  conjunction  with  d-c  amplifiers  to  close  the  loop. 

It  is  apparent  that  fluidics  offers  a  demonstrated  tolerance  to  difficult 
environments  that  is  not  achievable  by  other  means.  This  and  the  expanding 
functional  capabilities  of  fluidics  gives  the  control  designer  important  new 
tools  for  solving  the  control  problems  of  the  70' s. 
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APPENDIX  I 


Operational  Amplifier  Analysis  and  Dynamic  Compensation 


I.  Basic  Operational  Amplifier  Analysis 

A  simple  first  order  analysis  shows  some  of  the  direct  analogies  between 
the  electronic  and  fluidic  operational  amplifier.  Figure  1-1  shows  a  basic 
single-sided  operational  amplifier  circuit  of  the  simplest  type.  It  consists 
of  an  input  resistor  Rj,  a  feedback  resistor  Rf,  the  high  gain  amplifier  of 
gain  -K,  and  its  inherent  input  resistance  Rc.  Current  or  flow  is  desig¬ 
nated  as  W  and  pressure  as  P.  Applying  Kirchoff's  law  to  the  flow  into 
the  summing  function: 

Wx  +  W3  =  W3.  (1) 

Rewriting  in  terms  of  resistance  and  pressure  gives 


P 

o 


-  P  P 

_ g  =_£. 

Rf  Rc 


(2) 


Noting  that  P  =  K  P  ,  (3) 

°  g 

Pg  can  be  eliminated  from  Eq.  (2)  to  give 


It  can  be  shown  in  a  similar  manner  that  when  a  push-pull  amplifier 
of  the  form  of  Fig.  1  of  the  main  text  is  used,  the  relationship  of  the  push 
pull  output  signal  £P0  to  the  push-pull  input  signal  £kPi  is 
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This  implies,  of  course,  that  the  usual  practice  be  that  the  input  re¬ 
sistors  be  the  same  on  both  inputs  and  the  feedback  resistors  be  the 
same  on  both  outputs. 

Now,  rewrite  Eq.  (4)  in  the  more  familiar  control  system  terms  by  the 
substitution  of 


G  =  K 


for  the  forward  gain  of  the  loop,  and 


H  = 


1  + 


(5) 


(6) 


for  the  feedback  gain.  The  result  is 

-*Po  .  (7) 

6P  R  \1  *  GH  ) 

Now  note  that,  when  the  loop  gain.  GH,  is  large  Eq.  (7)  shows  that  the 
transfer  function  is  determined  primarily  by  the  passive  input  and  feeJback 
resistors.  As  long  as  the  loop  gain  GH  is  large,  variations  in  the  value  of 
G  (amplifier  gain)  due  to  variations  in  loading  or  supply  pressure  are  vir¬ 
tually  eliminated  from  the  transfer  function. 

The  above  analysis  is  simplified  in  many  ways.  In  particular,  the  cir¬ 
cuit  itself  is  the  simplest  possible.  By  adding  capacitors  to  various  parts  of 
the  circuit,  frequency  shaping  functions  can  be  accomplished.  By  using 
parallel  input  resistors,  signal  summing  or  subtraction  are  possible.  These 
variations  will  be  discussed  in  later  sections. 


The  other  major  simplification  of  the  above  analysis  is  the  assumption 
that  the  gain  block  is  a  pure  gain.  In  reality,  the  gain  block  dynamics  are 
approximately  those  of  a  pure  time  delay  without  attenuation  in  the  frequency 
range  of  interest  (less  thai  1000  Hz).  This  fact  must  be  considered  when 
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evaluating  the  stability  of  any  fluidic  operational  amplifier.  To  have  stabil¬ 
ity,  the  open  loop  transfer  function,  GH,  of  the  operational  amplifier  must  be 
attenuated  below  unity  gain  before  180°  of  phase  shift  are  accumulated.  Where 
G  is  a  pure  time  delay  with  no  attenuation,  and  H  is  made  up  entirely  of  re¬ 
sistive  terms  as  in  Eq.  (6),  it  is  obvious  that  180°  of  phase  lag  will  build  up 
without  any  attenuation.  In  practice,  the  gain  block  can  be  represented  by 
the  equation 

G  =  Ke'TlS.  (8) 

where  Tx ,  the  transport  lag,  has  an  approximate  value  of  5.  5  x  10~4  sec  and 
S  is  the  Laplace  operator. 


To  assure  stability,  some  attenuation  must  be  added.  This  is  done  by  use 
of  small  capacitors  (volumes)  on  the  output  of  the  amplifier,  resulting  in  the 
open  loop  transfer  function 


GH  = 


KH  -T,S 

-  e  1 

1  +  TsS 


(9) 


where  H  is  already  defined  by  Eq.  (6)  and  Ts  is  the  RC  time  constant  of  the 
stabilizing  volumes.  Normally,  Ta  is  relatively  large  so  that  it  can  be  con 
sidered  to  contribute  90°  of  phase  lag  to  GH  at  loop  crossover  frequency. 
The  lag  contribution  of  the  gain  block  is  about  0.  2  cfeg/Hz.  Thus,  if  40°  of 
phase  margin  is  desired,  the  gain  block  lag  can  be  only  50  which  occurs  at 
250  Hz.  Ts  and  H  must,  therefore,  be  adjusted  to  assure  unity  gain  at  250 
Hz  or  less. 


The  closed  loop  transfer  function  is  not  limited  in  frequency  response 
directly  by  the  break  frequency  of  the  stabilizing  volumes.  The  lag  in  this 
expression  appears  as 


Thus,  the  closed-loop  lag  time  constant  is  the  stabilizing  lag,  Ts,  re¬ 
duced  by  the  quantity  (1  +  GH).  This  is  the  frequency  where  the  open  loop 
transfer  function  has  unity  gain. 

In  normal  system  design,  the  small  phase  lag  contributed  by  the  oper¬ 
ational  amplifier  is  neglected  and  the  simple  transfer  function  of  Eq.  (7) 
is  employed. 
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2.  3  Operational  Amplifier  Circuit  Characteristics 


2.  3.  1  Flat  Response  Amplifier 

This  is  the  simplest  and  most  common  application  of  fluidic  operational 
amplifiers.  The  principal  requirements  are  that  the  transfer  function  be  an 
accurate  and  constant  amplification  independent  of  the  input  frequency,  supply 
pressure  variations,  load  conditions,  and  input  null  level  (bias  level). 

The  basic  circuit  is  shown  in  Fig.  1-2. 

Figure  1-3  shows  plotter  tracers  of  pressure-gain  characteristics  of  a 
Model  FS-12  amplifier  with  supply  pressure  and  load  variations.  Note  the 
insensitivity  of  gain  to  changes  in  load,  indicating  virtually  no  closed  loop 
output  resistance.  Feedback  also  assures  no  change  of  gain  with  supply 
pressure. 

Typical  frequency  response  is  shown  in  Fig.  1-4.  The  gain  is  frequency 
independent,  or  flat  out  to  approximately  200  Hz. 

2.  3.  2  Summation  Amplifier 

By  adding  input  resistors,  additional  inputs  can  be  used  to  provide  signal 
summation,  as  shown  in  phantom  lines  of  Fig.  1-2.  This  type  operational  amp¬ 
lifier  is  used  in  many  fluidic  control  circuits  where  sensing,  computation, 
and  logic  are  accomplished  at  very  low  power  levels  and  then  amplified  to  a 
higher  power  level  actuatior.  Large  power  amplification  can  cause  inaccur¬ 
acies  so  that  often  a  closed  loop  is  required.  The  FS-12  can  provide  a  block 
of  the  amplification  and  the  summation  junction  for  this  type  of  loop. 

A  typical  application  is  the  fuel  valve  position  loop  shown  in  Fig.  1-5. 
(This  loop  is  part  of  the  J-79  fuel  control  described  in  a  later  section  of 
this  paper. )  The  fuel  valve  position  loop,  shown  in  Fig.  1-5  provides  fuel 
flow  proportional  to  a  low  pressure  fluidic  input  signal.  The  fixed  gain 
amplifier  is  used  to  provide  an  amplification  of  45  and  to  sum  the  feedback 
position  signal  of  the  rotary  fuel  metering  valve  with  the  input  signal.  The 
position  feedback  transducer  consists  of  an  eccentric  cam  on  the  fuel  valve 
shaft  and  a  flapper  nozzle  sensor. 

The  transfer  function  for  the  summing  amplifier  can  be  developed  in  a 
manner  similar  to  the  single  input  amplilier  of  Eq.  (7)  as 


*Po 


AP 


a 


Rf/  GH  \ 
R^l  +  GH  J 


+ 


or 
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(11) 


“P„  '  ‘pa  t  *pa  h 

Ra  *b 


(11  Cont'd. ) 


Typical  pressure-gain  plots  for  this  type  of  amplifier  arc  shown  in 
Fig.  I-G.  Each  input  channel  is  shown  to  have  a  gain  of  45.  Si  mming  accur¬ 
acy  is  demonstrated  by  the  plot  of  a  single  input  signal  summed  with  itself 
and  subtracted  from  itself.  The  gains  for  these  two  cases  are  90  and  zero 
which  agree  with  the  predicted  gain  from  Eq.  (11). 


2.  3.  3  Isolation  Amplifier 

The  characteristic  high  input  impedance  of  the  fluidic  operation  amplifier 
has  frequently  been  used  as  an  isolation  amplifier.  The  FS-12  has  been  used 
to  uncouple  or  isolate  a  pneumatic  sensor  from  a  fluidic  circuit  either  to  min¬ 
imize  the  loading  effects  on  the  sensor,  or  because  of  a  high  dc  level  on  the 
sensor  output.  An  operational  amplifier  has  been  designed  for  this  purpose 
which  has  an  input  impedance  100  times  greater  than  that  of  a  typical  0.  020"  x 
0,020"  power  nozzle  fluidic  amplifier. 


2.  3.  4  Adjustable  Gain  Amplifier 

A  recent  additional  feature  of  the  operational  amplifiers  has  been  the 
use  of  a  variable  feedback  resistor.  Pressure-gain  performance  plots  of 
this  type  device  are  shown  in  Fig.  1-7.  All  the  features  of  the  fixed  gain 
amplifier  are  maintained  and  the  gain  is  adjustable  with  an  external  knob 
over  a  10  to  1  range.  Figure  1-8  is  a  photo  of  this  amplifier  which  also  has 
the  capability  of  summing  three  input  signals.  Ir  almost  all  controls  work 
is  desirable  to  have  some  external  gain  adjustaole  to  have  some  external 
gain  adjustment  to  compensate  for  design  inaccuracies.  The  adjustable 
gain  operational  amplifier  provides  this  function  for  fluidic  control  systems, 

2.  3.  5  Simple  Lag 

Occasionally  only  a  moderate  lag  is  required  in  fluidic  systems.  If  a 
passive  RC  lag  is  employed  it  introduces  attenuation  or  requires  large  vol¬ 
umes.  When  this  is  undesirable  the  operational  amplifier  circuit  of  Fig.  1-2 
can  be  modified  by  the  addition  of  a  capacitor  in  the  input  resistor  to  provide 
this  function.  This  device  provides  up  to  a  one  second  lag  with  a  gain  of  five 
using  small  volumes  on  a  compact  hardware  module.  This  type  device  has 
been  applied  to  compensate  for  lags  in  engines  or  actuators,  or  in  series 
with  the  lag-lead  circuit  to  cancel  out  the  lead  term.  Accurate  summing  can 
also  be  performed  bv  this  device.  Two  such  amplifiers  are  being  used  in  a 
fluidic  circuit  under  development  for  a  Naval  aircraft  carrier  appro  ich  power 
compensator  control.  Angle  of  attack  of  the  aircraft  is  sensed  and  the  require 
ment  is  to  treat  it  with  the  following  transfer  function. 
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(12) 


The  fluidic  circuit  has  been  mechanized  as  shown  by  the  block  diagram  of 
Fig.  1-9.  The  two  leg  circuits  and  one  lag- lead  provide  this  precise  dynamic 
transfer  function  in  three  simple  blocks. 

2.  3.  6  Lead-lag 

Many  high  performance  analog  control  circuits  require  derivative  action 
to  compensate  either  the  dynamics  of  the  load  or  of  other  control  components. 
This  function  is  readily  accomplished  with  fluidic  operational  amplifier 
techniques  by  adding  a  capacitor  into  the  feedback  path  of  Fig.  1-2.  This  pro¬ 
duces  a  lead-lag  circuit  or  proportional  plus  derivative  action.  A  typical 
application  is  a  fluidic  position  control  loop  for  a  rocket  engine  actuator'10^. 
Figure  1-10  is  a  block  diagram  of  the  control.  The  lead-lag  circuit  in  series 
with  two  single  stage  flow  amplifiers  and  a  servovalve  accept  the  position 
error  signal  from  a  flapper-nozzle  valve  and  drive  a  1000  psi  hot  gas  actuator. 
The  dynamic  response  characteristics  of  the  lead-lag  are  shown  in  Fig.  I  —  1 1 . 
This  device  produces  65°  of  phase  lead  to  compensate  the  compliance  of  the 
actuator.  The  addition  of  the  two  stage  of  flow  amplification  reduce  this 
phase  lead  by  less  than  5°. 


2.  3.  7  Integration 

Integration  is  the  most  difficult  frequency  dependent  function  to  mechan¬ 
ize  in  fluidics  because  of  the  absence  of  the  series  capacitor.  Whether  the 
connections  to  a  fixed  volume  capacitor  are  in  series  or  parallel  the  resulting 
transfer  function  is  that  of  a  shunt  capacitor  to  ground.  This  precludes  the 
use  of  the  analogous  electronic  circuit  to  obtain  integration,  an  operational 
amplifier  with  a  series  capacitor  as  the  feedback. 

Proportional  plus  integral  action,  which  approximates  integral,  has 
been  mechanized  in  fluidics  by  using  positive  feedback.  A  capacitor  to  lag 
a  positive  feedback  path  and  an  equal  but  un- lagged  negative  feedback  path 
result  in  a  lag-lead  circuit  having  the  following  transfer  function 


*PQ  _  K  rp  q  +  T,  S) 

A P.  s  (1  +  TsS) 

1  * 


(13a) 


where  K  is  the  integrating  rate  or  the  gain  at  1  radian/sec,  T2  is  the  lag  or 
integrating  time  constant  and  T;  the  lead  time  constant.  The  lag  time  constant 
can  be  up  to  60  seconds  so  that  the  approximation 


1  +  T_S  -  T_S  for  T,S»  1 


The  transfer  function  becomes 


LPq 

-p~  -  +  Tx  (13b) 


This  is  proportional  plus  integral  control  action.  It  is  used  in  closed 
loop  control  systems  subjected  to  sustained  disturbances  or  load  variations 
to  eliminate  steady-state  error  or  droop.  The  lead  term  of  equation  (13a) 
could  be  eliminated  with  the  addition  of  a  simple  lag  in  series,  but  this  is 
rarely  required  because  pure  integral  control  tends  to  produce  instability. 

A  typical  application  for  a  fluidic  lag-lead  circuit  is  in  an  isochronous 
governor  for  a  shipboard  steam  turbine.  The  block  diagram  of  this  control 
is  shown  in  Fig.  1-12.  Afluidic  speed  error  signal  is  treated  to  produce  a 
proportional  plus  integral  action  pressure  signal.  This  signal  is  amplified 
and  drives  the  main  steam  valve.  The  actual  control  has  governed  a  sim¬ 
ulated  turbine-generator  in  accordance  with  the  latest  stringent  military 
specification  for  shipboard  governors,  MIL-G-21410.  Frequency  response 
data  for  the  lag-lead  circuit  are  shown  in  Fig.  1-13. 
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FIGURE  1-3.  PRESSURE-GAIN  CHARACTERISTICS,  FS-12  AMPLIFIER 
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FIGURE  1-4.  FREQUENCY  RESPONSE  OF  A  SUMMING  AMPLIFIER 
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ANALOG  FLUIDIC  CIRCUITRY :  REVIEW,  CRITIQUE  AND  A 
NEW  OPERATIONAL  AMPLIFIER 


Forbes  T.  Brown 

Professor  of  Mechanical  Engineering 
Lehigh  University 
Bethlehem,  Pa.  18015 


Abstract : 

Two  different  approaches  to  analog  fluidic  circuitry  are 
found  in  the  literature.  The  first  utilizes  high  gain  ampli¬ 
fiers  with  feedback  (operational  amplifiers)  to  achieve  easy 
design,  excellent  linearity,  low  noise  and  low  sensitivity  to 
disturbances  at  a  cost  of  limited  bandwidth,  high  power  con¬ 
sumption  e.nd  high  expense.  The  second  utilizes  fewer  ampli¬ 
fiers  with  feed-forward  and  a  minimum  of  feedback  to  achieve 
the  opposite  consequences. 

A  new  operational  amplifier  is  proposed  which,  through 
resonance  tubes  placed  in  the  forward  loop  upstream  of  the 
gain  block,  has  a  greatly  extended  bandwidth  at  a  cost  of 
increased  sensitivity  to  load  changes  at  high  frequencies. 


1.  INTRODUCTION 

Most  active  fluidic  elements  in  use  today  are  bistable. 
Frequently,  however,  conditions  arise  favoring  the  use  of 
proportional  or  so-called  analog  devices: 

1.  The  input  energy  level  is  too  low  to  drive  a  digital 
device  with  sufficient  resolution. 

2.  Digital  switching  is  too  slow. 

3.  A  continuous  output  is  desired. 

4.  The  simplicity  of  the  analog  alternative  is  com¬ 
pelling  . 

5.  Modulation  schemes  are  desired. 

Items  1  and  2  involve  implicit  advantages  of  analog  devices, 
including  electronic  analog  computers.  The  major  drawbacks 
of  analog  fluidics  involve  the  reliability  and  sensitivity 
in  the  face  of  changes  in  pressure  levels,  load  impedances, 
load  disturbances,  temperature,  and  the  inherent  noise.  Con¬ 
sequently,  analog  fluidic  circuits  are  often  harder  to  design. 

Kirshner  and  Manion  [1]  have  given  a  fine  review  of  pro¬ 
portional  amplifiers.  Boothe  and  Ringwall  [2]  are  contrib¬ 
uting  a  review  on  modulation  circuits  (or  AC  fluidics)  to  the 
present  symposium.  The  present  paper  is  directed  at  the 


Preceding  page  blank 


397 


elements  of  the  circuitry  of  proportional  amplifiers,  empha¬ 
sizing  the  linear  operations  of  summation,  integration,  fil¬ 
tering  or  wave  shaping,  etc.  Although  the  paper  is  largely 
a  review,  a  new  type  of  operational  amplifier  also  is  intro¬ 
duced. 


2.  COMPONENTS  AND  CIRCUIT  THEORY 

The  heart  of  most  analog  systems  is  the  proportional 
amplifier.  Most  applications  use  jet-deflection  amplifiers, 
which  are  assumed  herein.  Vortex  amplifiers  can  be  very 
useful  also,  however,  especially  in  high-power  applications 
where  efficiency  is  an  important  concern.  Jet- impact  ampli¬ 
fiers  also  have  been  used. 

Good  linearity  of  the  proportional  amplifier  is  desir¬ 
able,  although  it  may  not  be  necessary  if  feedback  is  to  be 
employed.  Often  more  important  is  the  flatness  of  the  satu¬ 
ration  for  very  large  input  differential  pressures.  The 
usual  jet-deflection  amplifier  suffers  a  return  to  low  output 
pressure  for  very  high  input  pressure.  One  remarkable  excep¬ 
tion  is  a  design  due  to  Griffin  [3]  .  If  several  amplifiers 
are  to  be  cascaded,  another  approach  is  to  stagger  the  onsets 
of  saturation  so  the  last  stage  saturates  first  and  the  first 
stage  last.  This  procedure  has  helped  lead  to  the  dramati¬ 
cally  flat  saturation  of  the  5-stage  General  Electric  gain 
block  reported  by  Urbanosky  [4],  at  some  expense  of  increased 
noise. 

Other  characteristics  of  the  amplifier  which  are  impor¬ 
tant  in  circuit  design  include  the  input  impedance,  which  is 
usually  nearly  linear,  the  output  impedance,  which  often  has 
significant  nonlinearities,  the  pressure,  flow  and  power 
gains,  and  the  signal-to-noise  ratio.  Several  papers  cited 
below  report  that  the  frequency  response  of  the  gain  of  jet 
amplifiers  is  virtually  flat  until  the  phase  angle  exceeds 
180°;  the  behavior  is  close  to  that  of  a  pure  delay.  Florea 
and  Stanescu  [5]  end  Belsterling  [6]  give  simple  analytic 
models  for  the  internal  dynamics,  and  Brown  and  Humphrey  [7] 
give  a  more  complicated  model  as  well  as  data  on  all  the 
important  linearized  dynamic  characteristics  of  a  particular 
amplifier.  Similar  data  for  commercially  available  ampli¬ 
fiers  would  be  very  helpful  to  circuit  designers,  but  is  very 
hard  to  collect.  One  simple  technique  for  partial  informa¬ 
tion  up  to  very  high  frequencies,  based  on  acoustic  waves, 
is  described  by  Toda  et  al  [8].  A  more  awkward  but  complete 
method,  which  becomes  inaccurate  at  high  frequencies,  uti¬ 
lizes  calibrated  resistances  comprised  of  a  bundle  of  short 
capillary  tubes  [9] .  Toda  and  Katz  [10]  use  single  capillary 
tubes  and  apply  a  correction  for  known  dynamic  effects.  The 
data  of  Brown  and  Humphrey  included  hot  wire  anemometry. 
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Gottron  and  Weinger,  in  the  book  edited  by  Kirshner  [11], 
Sarpkaya  [12]  and  Massen  [13]  discuss  the  inherent  problem  of 
noise  and  turbulence  in  the  jets  and  receivers  of  jet  ampli¬ 
fiers.  Sarpkaya  gives  hot-wire  data  within  the  jet  on  a 
large-scale  model,  while  Massen  describes  a  rather  sophisti¬ 
cated  facility  for  small  models  using  pressure  transducers 
and  correlation  techniques.  Considerable  data  is  given  by 
Kelley  and  Kantola  [14]  on  the  trade-offs  between  noise  and 
gain,  output  impedance,  and  sensitivity  to  Reynold's  numbers. 
Brown  [15]  has  found  that  an  excitation  introduced  at  one  fre¬ 
quency  can  reduce  the  noise  at  other  frequencies,  and  related 
advantages  in  signal-to-noise  ratio  result  from  the  use  of 
modulated  signals  as  presumably  discussed  by  Boothe  [2] . 

Passive  elements  also  play  a  key  role  in  analog  circuit 
design.  Resistors  based  on  orifice  flow  are  nonlinear,  and 
thus  of  limited  usefulness,  although  the  multiple  irregular 
cascaded  orifices  in  porous  sintered  metal  filters  is  an 
exception.  Resistors  based  on  viscosity  and  using  channels 
with  rectangular  or  circular  cross-sections  are  analyzed  by 
Lee  and  Kwok  [16,  17].  The  length  of  a  resistor  should  be 
at  least  an  order  of  magnitude  less  than  the  acoustic  wave¬ 
lengths  of  interest,  occasionally  dictating  a  bundle  of  small 
parallel  channels.  A  resistance  which  is  nearly  temperature- 
independent,  described  by  Bedard  [18]  ,  uses  a  channel  which 
changes  in  cross-section. 

Inductors  are  not  often  used  with  air,  although  Bowles 
et  al  [19]  provides  a  significant  exception.  The  kinematic 
viscosity  is  too  high  to  give  a  high  Q  with  small  elements, 
and  the  compressibility  is  too  great  to  permit  large  elements 
without  significant  capacitive  effects.  The  compressibility 
problem  vanishes  when  a  liquid  is  used,  and  the  kinematic 
viscosity  problem  is  greatly  reduced  with  water.  Boddy  [20] 
points  out  that  the  paucity  of  good  inductors  is  compensated 
for  by  using  active  elements;  even  in  electrical  circuits 
"active  RC"  networks  are  increasingly  preferred,  for  economic 
reasons,  over  passive  LRC  circuits. 

Capacitors  with  one  side  grounded  usually  use  simple 
rigid  volumes  when  air  is  the  medium.  Unfortunately,  the 
capacitance  varies  with  time  or  inverse  frequency  from  the 
adiabatic  value  toward  the  isothermal  value,  for  a  40%  change, 
and  the  transition  is  extremely  gradual.  Some  analyses  are 
given  by  Dagan  and  Kwok  [21]  and  Katz  and  Hastie  [22].  If 
one  is  determined  to  achieve  as  nearly  adiabatic  performance 
as  possible,  the  capacitor  should  be  spherical  with  the  sup¬ 
ply  tube  possibly  penetrating  to  near  the  center.  Any  scav¬ 
enging  effect  or  heat  transfer  surface  pushes  the  behavior 
toward  the  isothermal  extreme,  however,  ar d  since  either 
extreme  is  better  than  a  compromise  the  dtsigner  should  con¬ 
sider  increasing  the  heat  transfer  surface,  for  example  by 
inserting  steel  wool  into  '■he  cavity. 
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Capacitors  which  do  not  use  a  gas  or  which  do  not  have 
one  side  grounded  are  normally  avoided,  since  they  must  in¬ 
volve  mechanical  strain  such  as  in  a  bellows. 

A  large  literature  exists  on  the  dynamics  of  fluid  lines 
in  circular  tubes;  the  basic  aspects  involving  laminar  flow 
are  cited  in  a  review  paper  by  Goodson  and  Leonard  [23]. 

Healy  and  Carlson  [24]  and  Schaedel  [25]  give  theoretical 
results  for  rectangular  channels  which  are  used  in  modular 
fluidic  devices.  A  fluid  line  has  resistance,  capacitance 
and  inertance .  Optimum  design  of  fluidic  circuits  may  well 
involve  explicitly  a  continuous  distribution  of  these  elemen¬ 
tary  properties,  somewhat  in  the  fashion  of  microelectronics, 
but  this  is  beyond  the  state  of  the  art. 

Elementary  techniques  for  circuit  synthesis  developed 
by  analogy  to  electronics  are  given  by  Belsterling  [6,  26] , 
examples  are  given  by  Chou  et  al  [27],  and  some  more  general 
techniques  are  given  by  Brown  [15].  Kirshner  and  Katz  [11] 
present  a  more  complete  physical  basis  for  circuit  analysis, 
which  unfortunately  requires  simplification  to  make  most 
circuit  problems  tractable. 


3.  BASIC  CIRCUITS 


The  basic  linear  operations  which  comprise  the  building 
blocks  of  analog  circuitry  are 

1.  amplif ication,  multiplication  by  a  constant,  or 
buffering 

2.  summation  (positive  and  negative) 

3.  integration 

4.  filtering,  including  differentiation,  lag-lead,  etc. 

Modulation  circuits  also  make  fundamental  use  of  rectifier 
circuits  including  a  nonlinear  active  element  [2]. 

Each  of  the  basic  operations  can  be  carried  out  either 
of  two  different  ways:  with  and  without  feedback.  As  dis¬ 
cussed  below,  feedback  greatly  enhances  linearity  and  low 
output  impedance,  but  at  the  expense  of  speed  of  response  and 
complexity.  Thus  both  approaches  have  appropriate  domains  of 
application. 


3 . 1  Operational  Amplifier  Circuits 

Summation  and  amplification  was  first  carried  out  with¬ 
out  feedback,  as  typified  by  Roffman  and  Katz  [28],  because 
the  gain  of  the  single  stage  of  amplification  used  was  low. 
The  basis  for  the  more  classical  operational  amplifier  was 
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set  with  the  advent  of  multi-stage  gain  blocks  which  typi¬ 
cally  have  a  pressure  gain  over  1000.  The  resulting  opera¬ 
tional  amplifier-summer,  shown  in  Figure  1,  is  discussed  by 
Wagner  and  Barrett  [29],  Parker  and  Addy  [30],  Foster  and 
Parker  [31],  Urbanosky  [4],  Doherty  [32],  and  Brown  et  al  [9], 
Presuming  the  input  and  output  admittances  of  the  gain  block 
are  Y^  and  1/ZQ,  respectively,  the  load  admittance  is  YQ,  and 
the  pressure  gain  of  the  amplifier  for  zero  load  flow  is  g, 
the  static  behavior  is  easily  deduced  to  be 


£o  _  _  ^2  1 

p±  Rx  1  +  a/g 


(1) 


a  = 


Z  Z 

+  R,Y.  )  (1  +  Z  Y  )  +  ^  +^-r  +  Y.  Z 
2  l  o  o  R^  l  o 


(2) 


If  g  >1000,  and  Y^,  Y0  and  Z0  are  not  excessively  large,  this 
behavior  is  nearly  ideal: 


po 

pi 


(3) 


Unfortunately  the  circuit  as  shown  in  Figure  1  (and  in 
most  other  papers)  is  unstable  and  oscillates  wildly.  The 
reason  is  obvious  from  the  typical  data  of  Parker  and  Addy 
[30],  given  in  Figure  2:  the  loop  gain  vastly  exceeds  unity 
when  the  phase  lag  reaches  180°.  One  novel  approach,  pro¬ 
posed  by  Lloyd  [33]  ,  is  to  let  the  circuit  oscillate,  satu¬ 
rating  each  cycle  to  give  a  square  wave,  and  to  utilize  the 
pulse-width  modulation  which  results  from  the  input  pressures. 
He  further  suggests  reducing  the  complication  by  using  three 
switching  amplifiers  (nearly  bistable)  rather  than  five  lower- 
gain  proportional  amplifiers.  The  basic  advantage  is  a  fast 
response  time,  which  is  essentially  one  oscillation  period 
if  the  necessary  output  filtering  is  discounted.  Linearity 
appears  to  be  a  major  difficulty,  although  use  of  better  com¬ 
ponents  than  employed  by  Lloyd  should  improve  substantially 
upon  his  results. 

The  traditional  solution  to  the  instability  has  been  to 
place  capacitance  volumes  at  the  output,  as  shown  in  Figure  3. 
This  introduces  an  additional  90°  phase  lag,  unfortunately, 
so  the  break  frequency  of  the  circuit  must  be  reduced  to  the 
value  at  which  the  lag  of  the  gain  block  itself  is  about  50°, 
as  noted  by  Urbanosky  [4]  .  Parker  and  Addy  [30]  and  Foster 
and  Parker  [31]  properly  note  that  this  can  require  break 
frequencies  in  the  loop  gain  below  1  Hz,  but  then  seem  to  con¬ 
fuse  this  break  with  the  closed-loop  behavior  which  actually 
retains  its  break,  for  the  case  cited,  at  250  Hz,  presuming 
linear  behavior.  The  actual  behavior  is  not  always  linear. 
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however,  and  the  conclusion  of  these  authors  turns  out  to  be 
not  quite  as  false  as  its  premises,  as  seen  below. 

Wagner  and  Barrett  [29]  had  a  low  closed-loop  break  fre¬ 
quency  (about  5  Hz)  ,  due  to  the  volume  of  interconnecting 
tubes,  and  thus  did  not  study  the  dynamics  beyond  a  false 
claim  that  their  closed  loop  response  should  break  at  as  high 
as  500  Hz  simply  by  employing  integrated  circuitry.  Doherty 
[32]  and  the  General  Electric  Co.  [34]  (same  amplifier)  give 
data  supporting  the  linear  theory,  but  the  results  can  be  mis¬ 
leading  as  seen  below. 


The  gain  block  can  be  modeled  closely  as  a  gain  with  a 
pure  delay,  or  ge-Ts,  with  g  >  1000.  The  closed-loop  pressure 
gain  then  becomes,  neglecting  the  reactances  of  the  passive 
elements  other  than  the  capacitors, 

-Ts  _  Jo 

R2  R29  m 

r7  :-TS“T "Tfs+TTa  (4) 

1  6  +  - 9 - 

in  which  a  is  given  by  equation  (2)  and 


ax 


(1  + 


YiR2)ZoC 


(5) 


As  an  example  consider  the  typical  values 

g  =  2500;  ZQ  =  1.4  lb  sec/in"*;  Yq  =  0 
=  5.66  lb  src/in5;  R2  =  56.6  lb  sec/in5 
=  0.4  inVlb  sec 

2 

Further,  for  stability  it  is  necessary  that  at  >  —  gT;  we 
choose 

ax  =  4  gT  (6) 

This  gives 


£0 

Pi 


10 


e-Ts  -  1*10-5 


e~Ts  +  .0179(71. 2Ts  +  1) 


(7) 


The  second  term  in  the  numerator  represents  the  signal  path 
through  the  feedback  channels  from  input  to  output,  and  is 
obviously  negligible.  The  break  frequency  occurs  when 
Toj  =  it/4,  or  essentially  the  same  as  discussed  above.  At 
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zero  frequency  the  result  reduces  to 


£7  =  “  :-°  IT0TV5  (8) 

showing  the  powerful  effect  of  the  feedback  gain  which  is 
g/a  =  56. 

The  sensitivity  to  changes  in  the  load  admittance  YQ  is 
desirably  small: 


3(p0/Pi)  r2  (1  +  Ri  +  Rir  +  R2Yi>  g  e 


3Y 


[e~Ts  +  Mrs ±11  j 


(9) 


For  the  example , 

a<p0/Pi> 

5y“ 


=  10 


0.0174  Z  e 
o 


-Ts 


[e“Ts  +  0. 0179(71. 2Ts +  1) ]2 


(10) 


or,  at  zero  frequency, 
3 (P0/Pi) 


IT 


=  0.169  Z. 


(11) 


A  potentially  serious  limitation  of  this  circuit  has 
been  pointed  out  by  the  author  [9].  The  output  flow  of  the 
gain  block  consistent  with  the  above  is  virtually 


Q  .  (R,Cs  +  1  +  Y  R-)e 

g  _  _  l  2. _ o  i 

^i  R1  e  Ts  +  (xs+Da/g 

For  the  example. 


_L  (2950  Ts  +  1) e 
R1  e"Ts  +  0.0179 (71. 2Ts  +  1) 


(12) 


(13) 


The  denominator  does  not  change  dramatically  with  increasing 
frequency,  but  over  the  useful  frequency  band  the  numerator 
term  2950  Ts  forces  the  ratio  to  increase  by  roughly  a  factor 
of  1600.  Therefore,  at  the  break  frequency  the  maximum  input 
amplitude  which  does  not  saturate  the  gain  block  is  1/1600 
the  corresponding  amplitude  at  zero  frequency.  The  satura¬ 
tion  accompanying  anything  larger  than  this  trivial  amplitude 
then  vastly  reduces  the  output  amplitude,  seriously  reducing 
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the  break  frequency.  Thus,  the  need  to  charge  a  large  pair 
of  volumes  from  a  saturable  source  introduces  serious  rate 
limiting. 

Care  is  suggested  in  reading  advertising  literature. 
Consider  the  General  Electric  data,  given  in  Figure  4.  This 
data  shows  a  break  at  about  200  Hz,  not  much  below  the  linear 
theory.  Since  the  closed-loop  gain  is  unity  and  the  gain  of 
the  gain  block  is  over  2000,  a  loop  gain  of  several  hundred 
would  have  been  possible.  Why,  then,  was  the  loop  gain  chosen 
as  small  as  20?  It  is  not  clear  a’ so  how  the  loop  gain  was 
made  so  small,  although  the  large  load  admittance  clearly 
helped.  Nevertheless,  a  calculation  suggests  that  the  ampli¬ 
tude  of  the  input  and  output  signals  was  large  enough  to  pro¬ 
duce  incipient  saturation  of  the  gain  block;  larger  signals 
would  have  lowered  the  break  frequency  by  as  much  as  a  decade 
or  more. 


An  entirely  different  approach  vhich  eliminates  this 
problem  is  suggested  in  Section  4. 


Since  series  capacitors  are  not  practical,  fluidic  feed¬ 
back  integrators  are  constructed  a  way  different  from  elec¬ 
tronic  integrators.  The  circuit  of  Figure  5  has  been  de¬ 
scribed  by  Katz  and  Roffman  [35],  Doherty  [32],  Wagner  and 
Barrett  [29]  ,  Pavlin  and  Facon  [36]  and  others.  Presuming  an 
infinite  gain  in  the  forward  loop,  and  making  fie  critical 
choice 


(14) 


balances  the  lagged  positive  feedback  and  unlagged  negative 
feedback  to  give  the  desired  integration  function 


e 

o 


R_1  -  i  e. 

CR^R2  s  l 


(15) 


A  typical  response  to  a  step  input,  given  by  Urbanosky  [4], 
is  given  in  Figure  6.  Other  authors  report  proper  magnitude 
behavior  over  a  band  of  four  or  more  decades  of  frequency; 
this  must  be  recognized  as  inconclusive  unless  proper  phase 
data  is  also  reported. 


Differentiation  is  an  impractical  function  to  generate, 
but  a  useful  related  function  is  the  lead-lag  of  Figure  7, 
discussed  by  Doherty  [32],  Wagner  and  Barrett  [29]  and  Rose 
[37].  The  two  break  frequencies  can  easily  be  set  a  decade 
apart.  A  variety  of  other  filter  or  shaping  functions  also 
can  be  created  with  considerable  accuracy  and  insensitivity 
to  load,  presuming  feedback  is  placed  around  a  high-gain 
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fluidic  amplifier. 

Applications  using  operational  amplifier  circuits  are 
reported  by  Stern  (38],  Holoubeck  [39],  Gelin  and  Jardinier 
[40],  Florea  et  al  [41],  and  Schrader  [42],  Hydraulic  opera¬ 
tional  amplifiers  are  presented  by  Kelley  and  Boothe  [43] , 
with  applications  and  further  development  by  Boothe  [44] ,  and 
Kelley  and  Boothe  [45] .  Dvoretsky  and  Molchanov  [46]  present 
a  hjaraulic  operation*1  amplifier  using  fluid  impact  modula¬ 
tors. 


3 . 2  Other  Circuits 

One  may  wish  to  operate  above  the  usual  break  frequency 
of  an  operational  amplifier,  or  wish  to  use  cheaper  or  fewer 
components,  and  be  willing  to  sacrifice  some  linearity  and 
load  insensitivity.  Boddy  [20]  has  proposed  a  series  of  fil¬ 
ter  circuits  which,  with  the  exception  of  two  circuits  de¬ 
signed  to  achieve  complex  poles ,  employ  no  feedback  whatso¬ 
ever.  They  are  comprised  of  passive  RC  circuits  with  a  single 
stage  amplifier  as  an  output  buffer,  or  a  cascade  of  such 
circuits.  The  example  of  a  lead-lag  circuit  is  given  in  Fig¬ 
ure  8.  The  special  case  of  Ri  = R2  is  a  high-pass  filter, 
earlier  described  by  Kelley  [47]  as  "decoupler  element".  This 
approach  does  not  give  summers  or  integrators. 

Parker  and  Addy  [30]  propose  circuits  which  attempt  to 
improve  the  performance  without  the  liabilities  of  operational 
amplifiers.  Their  summer,  shown  in  Figure  9,  is  based  on  the 
implicit  assumptions  of  linear  resistive  output  and  load  im¬ 
pedances.  Their  "differentiator  circuit",  shown  in  Figure  10, 
is  actually  a  disguised  version  of  Boddy ' s  [20]  lead-lag  (Fig¬ 
ure  8)  when,  as  is  actually  assumed,  Vi  =  0.  The  essential 
difference  is  the  introduction  of  two  Suffer  amplifiers  at  the 
input.  Their  integrator  circuit,  shown  in  Figure  11,  employs 
a  volume  and  positive  feedback  like  the  operational  amplifier 
approach.  Since  the  signal  is  buffered  by  amplifiers  at  each 
stage,  the  behavior  is  adequate  for  many  applications.  Note 
the  "gain  control  resistors";  good  balance,  in  this  case  of 
the  gains  of  the  upper  and  lower  amplifiers,  is  needed  in  any 
active  integrator  circuit. 

Positive  feedback  around  a  fluidic  amplifier  also  has 
been  frequently  utilized  to  make  oscillators.  Discussions 
are  offered  by  Brown  [9],  Ashikian  [48],  and  Frey  and  Wilson 
[49].  Foster  and  Carley  [50]  suggest  the  use  of  a  pressure- 
dependent  oscillator  as  the  heart  of  an  analog-digital  con¬ 
verter.  This  and  other  applications  of  oscillators  involves 
the  use  of  modulated  carrier  systems,  discussed  by  Boothe 
[51]  and  Boothe  and  Ringwall  [2].  Thj  tuned  or  band-pass 
amplifier  of  Bowles  et  al  [19]  whicn  is  intended  for  such 
systems,  shown  in  Figure  12,  is  particularly  interesting  in 
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its  use  of  fluid  inductors  which  together  with  volumes  make 
moderate-Q  Helmholz  resonators. 

Fluidic  analog  position  sensing  is  surveyed  by  Chitty 
and  Lenaerts  [52] . 

A  variety  of  applications  using  analog  amplifiers  are 
given  by  Clark  [53],  Hast  and  Uehling  [54],  Mayne  [55,  56], 
Schaedel  et  al  [57],  Reid  and  Woods  [58]  and  Burton  [59],  the 
last  using  hyraulic  fluidics  which  seems  to  be  a  current 
thrust. 


4.  DESIGN  OF  A  NEAR-OPTIMAL  OPERATIONAL  AMPLIFIER 

Vastly  better  dynamics  should  be  realized  with  the  oper¬ 
ational  amplifier  shown  in  Figure  13,  which  is  an  improvement 
over  a  design  of  the  author's  [9]  having  a  pair  of  unnecessary 
resistors.  Using  the  same  assumptions  for  the  gain  block  as 
before,  again  neglecting  reactance  in  the  passive  elements, 
and  setting  R3  =  Zc  (the  characteristic  impedance  of  the  cross- 
section  of  the  resonance  tubes) ,  the  overall  pressure  gain  is 


po  R2  1  ,-Ts 

PT  -  -  KT  I  <e 


gR. 


a  _  /i  ^  \  / xr  1  ^  \  ,  r 

4  -  11  22^’e  + 


"b^o*  R2(1+W 


R,  R,  Z  Z 

r  -  (l  +  ^r  +  ^)  (1+  ZqYo)  + 


(16) 
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Note  that  the  round-trip  wave  delay  time  in  the  resonance 
tubes  is  set  equal  to  the  delay  time  of  the  gain  block.  Fur¬ 
ther,  we  now  set 


"h  *  Zc 


(20) 


which  gives 
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For  the  same  example  values  as  before,  plus 
Zc  =  0.0116  lb  sec/in^ 

this  gives 


Po 

Pi 


10 


e'Ts  -  lxlO-5 

— Tjm - 


(22) 


This  result  is  virtually  ideal;  the  second  term  in  the  numer¬ 
ator  is  absolutely  negligible,  the  denominator  is  a  constant 
differing  by  less  than  2%  from  the  nominal  value,  and  the 
response  is  merely  an  amplified  and  delayed  reproduction  of 
the  input  over  an  infinite  bandwidth.  Optimal  control  theory 
shows  that  the  delay  e“Ts  is  absolutely  unavoidable,  and  thus 
the  circuit  can  be  described  even  in  the  theoretical  sense  as 
virtually  optimal. 

There  are  limitations  not  evident  in  equation  (22)  ,  of 
course.  If  the  reactances  of  the  various  elements  were  in¬ 
cluded,  some  limitation  in  the  bandwidth  would  appear.  More 
fundamental! v,  we  should  examine  the  load  sensitivity: 
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At  zero  frequency  (s  =  0)  this  gives,  for  the  example. 


3<P0/Pi) 
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(24) 


which  is  similar  to  the  traditional  design. 

On  the  other  hand,  at  higher  frequencies  this  becomes 

3(P0/Pi)  _Ts  -Ts 

— jY — —  =  10(0.976(1  -  e  iS)  +  0.021]  ZQe  1S  (25) 

o 

It  can  be  seen  that  the  sensitivity  to  load  errors  or  load 
changes  increases  tremendously  with  frequency,  reaching  a 
maximum  when  Tu)=tt.  The  traditional  design  does  not  share 
this  problem,  and  thus  has  one  advantage  which  can  be  impor¬ 
tant  in  applications  involving  large  and  uncertain  load 
admittances . 
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The  flow  emanating  from  the  gain  block  is 


-Ts 

Tj5T8 


(26) 


This  is  virtually  the  same  as  the  traditional  circuit  (equa¬ 
tion  (13))  for  <j  =  0,  but  for  higher  frequencies  illustrates 
the  total  absence  of  rate  limiting  due  to  saturation. 

The  behavior  including  this  key  feature  perhaps  can  best 
be  understood  for  a  step  input.  Most  of  the  flow  and  energy 
of  the  step  initially  goes  into  the  creation  of  a  pair  of 
waves  which  propagate  down  the  resonance  tubes.  A  tiny  frac¬ 
tion  of  the  flow  and  energy  of  the  step  enters  the  gain  block, 
just  enough  for  the  vastly  amplified  initial  step  output  of 
the  gain  block  to  equal  the  final  steady-state  output  (pro¬ 
ducing  no  surge  which  might  saturate  the  gain  block!).  This 
initial  step  output  is  than  transmitted  through  the  feedback 
paths,  arriving  at  the  resonance  tubes  just  as  the  initial 
wave  fronts  in  the  tubes  have  returned  to  their  starring  posi¬ 
tions.  The  two  incident  waves  now  cancel  identically,  and  all 
further  transients  cease:  static  equilibrium  has  been  reached. 


In  practice  the  very  small  value  of  R3  is  difficult  to 
achieve  except  with  the  use  of  porous  disks  (e.g.,  sintered 
filter  disks,  etc.)  It  is  possible  to  retain  part  of  the 
virtue  of  the  concept,  however,  including  the  banishment  of 
transient  saturation,  and  to  improve  on  the  load  sensitivity, 
by  using  any  properly  balanced  scheme  with  the  dynamic  filter¬ 
ing  of  the  loop  gain  placed  in  the  forward  path  upstream  of 
the  gain  block.  To  the  author's  knowledge,  however,  no  one 
has  done  this  before,  instead  placing  the  filters  downstream 
of  the  gain  block  or  in  the  feedback  paths.  Compromises  be¬ 
tween  the  two  designs  might  offer  advantages,  also. 


5.  CONCLUSIONS 

Sarpkaya  [60]  suggests  that  the  point  of  diminishing 
returns  has  been  reached  for  fundamental  fluid  mechanical 
studies  of  fluidic  amplifiers.  Rather,  effort  should  be  di¬ 
rected  toward  making  practical  circuits.  The  review  herein 
reveals  that  analog  circuitry  has  been  developed  to  the  point 
where  application  can  be  a  routine  procedure. 

If  a  bandwidth  of  200  Hz  is  adequate,  the  use  of  avail¬ 
able  operational  amplifiers  gives  simple  and  reliable  behav¬ 
ior  within  certain  power  and  noise  limitations.  Less  elabo¬ 
rate  but  less  reliable  alternative  circuits  can  be  used  to 
handle  design  problems  where  the  cost  of  operational  ampli¬ 
fiers  is  excessive  or  the  frequency  response  is  inadequate. 
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A  particular  design  for  a  new  operational  amplifier  cir¬ 
cuit  has  been  advanced  which  promires  greatly  extended  dynamic 
performance  at  the  cost  of  an  increased  sensitivity,  at  high 
frequencies,  to  load  changes,  and  the  need  for  more  critical 
balancing. 
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FREQUENCY  IN  HERTZ 

•  BASIC  AMPLIFIER  ELEMENT  *  SUMMER  CONFIGURATION 

PUSH  PULI  INPUT  SINUSOID  0  1  PSl  EACH  SIDE  0*  NULL  SUPH Y  AT  S 

PSIG  LOAD  IS  SIMILAR  ELEMENT-  *  *  lO4^  LB-SEE/FT* 


Dynamics  of  Gain  Block  (Basic  Amplifier  Element) 
(from  Parker  and  Addy  [30]) 


Fig.  3  Summing  Operational  Amplifier,  Traditional  Design 


Fig.  9  Simple  Summer  (from 

Parker  and  Addy  [30]) 


Fig.  11  Integrator  (from 

Parker  and  Addy  [30]) 
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ABSTRACT 


Ten  notch-filter  circuits  with  biquadratic  transfer  functions  are 
described.  Notch  filters  are  used  In  control  systems  to  prevent  In¬ 
stabilities  due  to  mechanical  resonances.  The  electronic  circuit 
literature  was  searched  to  find  circuits  with  biquadratic  transfer 
functions  that  could  be  Implemented  with  fluidic  amplifiers.  The  ampli¬ 
fiers  are  assumed  to  have  equal  input  and  output  impedances,  and  all 
hlgh-gain  amplifiers  used  are  assumed  to  have  a  pressure  gain  of  2000. 
Using  these  characteristics,  the  frequency  response  of  the  circuits  is 
calculated  using  a  dlglta1,  circuit-analysis  program.  The  best  circuit, 
based  on  accuracy  In  producing  a  required  transfer  function  for  the  M60A1 
tank  control  system,  gain  insensitivity,  and  least  number  of  compliances 
(bellows)  requires  three  hlgh-galn  amplifiers.  Advantages  and  disadvan¬ 
tages  of  all  the  circuits  are  discussed. 
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FLUIDIC  NOTCH  FILTERS 


1.  INTRODUCTION 

This  paper  is  concerned  with  the  theoretical  design  of  a  fluidic 
notch  filter.  Notch  filters  are  used  in  control  systems  to  eliminate 
instability  problems  caused  by  resonances  (usually  mechanical)  of  the 
plant.  The  purpose  of  the  notch  filter  is  to  reduce  the  system  gain  to 
less  than  unity  at  the  resonant  frequency.  This  prevents  control  loop 
oscillations  that  would  occur  if  the  (mechanical )  resonance  makes  the 
system  open  loop  gain  greater  than  unity.  An  ideal  notch  has  the  fre¬ 
quency  response  shown  in  figure  1.  One  of  the  required  characteristics 
for  such  a  filter  is  that  the  gain  (attenuation)  be  relatively  constant 
in  the  vicinity  of  the  notch  center  frequency.  The  reason  for  this  is 
that  the  mechanical  resonant  frequency  may  shift  slightly  for  one  reason 
or  another.  If  the  notch  were  very  sharp,  It  would  no  longer  coincide 
with  the  resonant  frequency  if  the  resonant  frequency  shifted  slightly. 

A  second  requirement  is  that  the  phase  shift  be  small  at  the  lower  fre¬ 
quencies  at  which  the  system  open  loop  gain  is  unity  (the  zero-dB  cross¬ 
over  frequency).  Finally,  it  is  also  necessary  that  the  frequency  re¬ 
sponse  of  the  filter  be  relatively  Insensitive  to  changes  in  value  of 
the  components.  This  latter  requirement  is  Imposed  by  the  fact  that 
fluidic  component  values  change  with  temperature  and  it  may  not  be 
possible  to  hold  the  temperature  constant  in  all  cases. 


NOTCH  - 
CENTER 


FREQUENCY 


FREQUENCY 


Figure  I.  Ideal  n.otch  filter  frequency 
response . 
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The  method  of  approach  was  to  adapt  electronic  notch-filter  concepts 
for  the  parameters  obtainable  with  fluidic  devices.  The  electronic  circuit 
literature  was  therefore  searched.  It  was  found  that  the  ratio  of  two 
quadratic  transfer  functions  (biquadratic  transfer  function  or  Biquad) 
can  have  a  frequency  response  that  approximates  that  of  an  ideal  notch 
filter.  On  the  basis  cf  rough  estimates  ten  biquadratic  notch-filter 
circuits  that  seemed  most  likely  to  be  capable  of  adaption  to  fluidics 
were  selected  and  are  described  in  this  paper. 

For  each  of  the  circuits  analysed  the  proper  values  of  the  components 
were  found  by  equating  the  coefficients  found  from  the  circuit  equations 
with  those  of  a  Biquad  for  a  specific  c'  rol  system.  This  Involved  the 
solution  of  a  set  of  simultaneous  equations.  A  perturbation  of  the  resistor 
values  was  then  carried  through  on  a  computer  and  the  effect  on  the  transfer 
function  determined. 


2.  TANK  GUN  STABILIZATION  COMPENSATOR  B I  QUAD 


The  particular  notch-filter  frequency  characteristics  chosen  was  one 
that  fu 1 1 f 1 1  led  the  requirements  for  use  with  the  M60A1  tank  gun  stabili¬ 
zation  control  system. 


The  transfer  function  G(s)  of  the  compensator  circuit  used  in  the 
gun  elevation  axis  of  the  M60AI  tank  is  [lj 

,  (.01»6s  +  1 )  (7.0  x  10"*s2  +  1.5  x  10'3  s  +  1) 

“  (2.1  s  +  l)'(2. 1  x  10u*s^  +  >.0  x  1 0'*  s  +  1) 

where  s  Is  the  Laplace  transform  variable.  The  first  fractional  factor 
on  the  right  side  of  the  equation  gives  the  single  pole  and  zero  of  a 
lag-lead  network.  The  ratio  of  the  two  quadratic  terms  is  a  biquadratic 
transfer  function  (Biquad).  The  notch-filter  circuits  developed  In  this 
paper  are  Biquads;  and  the  Biquad  in  equation  1  is  used  as  a  realistic 
example  to  demonstrate  the  capabilities  and  difficulties  associated  with 
the  notch-filter  circuits. 


(D 


The  Biquad  in  equation  1  can  also  be  written  as 


A(s2  +  21s  +  1.A  x  104)  A  (s2  +  2;nu>nS  +a>„2) 
V  V  33s  +-TT.TT-m  ’  TT2""2TdSs  Vu,?) 


(2) 


where 

A  ■  constant, 

Gn  ■  damping  ratio  of  numerator, 

wn  ■  natural  radian  frequency  of  numerator,  2irf 

Cd  *  damping  ratio  of  denominator,  and 

uj  ■  natural  radian  frequency  of  demoninator,  2irf^ 
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The  numerator  quadratic  has  a  resonant  frequency  f  of  19  Hz  and  a  damping 
ratio  cn  of  0.09;  the  denominator  quadratic  has  a  resonant  frequency  f^ 
of  11  Hz  and  a  damping  ratio  of  0.2k. 

3.  CIRCUIT  CHOICE  CONSIDERATIONS 

The  roots  of  the  quadratic  in  the  numerator  of  equation  2  are  complex 

if  c  2  u  2  <  u  2,  I.e.,  If  c  <1.  It  Is  apparent  that  both  the  zeros 
n  n  n  ’  n 

(numerator)  and  the  poles  (denominator)  of  equation  2  are  complex. 

3.1  Passive  and  Active  Circuits 


A  passive  circuit  composed  of  resistances,  inductances,  and  capac¬ 
itances  (RLC  circuit)  can  produce  a  Biquad  with  complex  poles  and  zeros. 
Inductances  are,  however,  often  impractical  to  use.  This  is  particularly 
true  in  fluidic  circuits  where  inductance  (inertance)  is  always  accompanied 
by  resistance  and  large  diameter  tubing  would  be  required  to  minimize  the 
resistance  with  respect  to  the  inertance.  The  sizes  required  are  often 
impractical . 

A  passive  RC  circuit  cannot  be  used  to  produce  a  Biquad  with  complex 
poles  [2],  but  a  passive  circuit  can  be  built  such  that  its  Biquad  has 
complex  zeros  and  real  poles.  Adding  a  lead-lag  circuit  to  one  of  the 
latter  type  circuits  can  produce  a  passive  circuit  whose  transfer  function 
approximates  the  required  Biquad  at  the  critical  frequency  bands  for  a  notch 
f i 1  ter. 

An  active  RC  circuit  is  required  to  build  a  Biquad  with  complex 
poles  [2].  We  therefore  have  examined  one  RLC  passive  circuit  and  one 
RC  passive  circuit  but  we  have  concentrated  primarily  on  active  circuits 
involving  amplifiers  whose  Biquads  have  complex  poles  and  zeros. 

3.2  Fluidic  Considerations 


We  have  already  pointed  out  the  problems  associated  with  inertance 
and  will  therefore  concentrate  primarily  on  circuits  involving  resistance 
and  capacitance;  however,  the  problem  of  inertance  associated  with  passages 
is  still  with  us.  The  major  problem  due  to  unwanted  inertance  is  that 
the  circuit  capacitance  present  may,  when  combined  with  this  inertance, 
result  in  resonant  peaks  (paras i t ics) .  It  is  therefore  necessary  that 
the  tubing  be  small  enough  so  that  the  associated  inertance  is  small. 

If  the  inertance  is  sufficiently  small  the  parasitic  resonance  will  occur 
at  frequencies  higher  than  the  frequency  band  of  interest  in  the  system. 

Fluidic  resistance  is  usually  obtained  by  the  use  of  capillary 
tubing  which  result  in  an  almost  linear  resistance  or  by  the  use  of 
orifices  which  result  in  a  resistance  that  varies  with  flow.  Linear 
resistors  are  easier  to  analyse  and  will  not  change  value  if  the  flow 
changes.  They  are,  however,  dependent  on  the  viscosity  of  the  fluid. 
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The  large  viscosity  change  of  liquids  as  compared  with  gases  due  to 
temperature  changes  makes  hydraulically  supplied  amplifiers  and  capillary 
tube  resistors  more  sensitive  than  air  to  temperature  variations.  Using 
orifices  for  resistors  reduces  the  temperature  dependence.  But  orifice 
flow  is  nonlinear,  and  a  linearizing  bias  flow  Is  necessary.  For  linear 
flow  resistance,  the  orifices  operate  with  small  signals  around  ^  bias 
flow.  The  bias  flow  must  be  kept  constant  or  the  resistance  value  will 
change,  and  the  need  for  small  signal  levels  reduces  the  dynamic  range. 
Since  It  is  impossible  to  supply  bias  flow  through  resistors  that  are 
blocked  by  capacitors  (fig.  2a),  circuits  with  capacitors  shunted  or 
bypassed  by  resistors  are  better  for  use  with  hydraulic  oil;  also  they 
can  be  designed  to  be  self-purging  of  air  (fig.  2b). 


a.  Capacitor-blocked  resistors 


Capacitors  shunted  and  bypassed  by  resistor 
Figure  2.  Fluidic  RC  circuits 


Fluidic  capacitance  is  obtained  by  the  use  of  diaphrams,  or  bellows 
when  the  fluid  is  a  liquid  or  when  a  point-to-point  capacitance  is 
required  with  a  gas.  Point-to-ground  capacitance  may  be  obtained  in  a 
gas  by  using  its  compressibility  properties,  but  the  effect  is  very  small 
in  a  liquid.  Since  point-to-point  capacitances  are  required  for  the 
circuits  found  for  the  notch-filter,  we  concern  ourselves  only  with 
bellows  type  capacitances. 

The  use  of  fluid  amplifiers  for  the  active  circuits  involves  some 
problems  that  are  not  significant  in  electronic  amplifiers.  A  critical 
one  is  the  fact  that  the  input  Impedance  of  a  fluid  amplifier  is  relatively 
low.  Notch-filter  designs  given  in  the  electronics  literature  assume 
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that  the  amplifier  Input  Impedance  is  essentially  Infinite  so  that  the 
electronic  circuits  must  be  modified  to  account  for  the  finite  input 
impedance  of  fluid  amplifiers. 

Furthermore  the  output  impedance  of  an  electronic  amplifier  is  usually 
small  enough  to  neglect  and  the  amplifier  is  essentially  level  independent. 
Much  more  care  must  be  exercised  in  the  case  of  fluid  amplifiers  where 
the  ratio  of  output  to  Input  resistance  is  usually  of  the  order  of  unity. 

If  the  notch  filter  is  not  to  degrade  the  dynamic  range  of  the  control 
system  significantly,  noise  must  be  kept  to  a  minimum  in  the  amplifiers 
that  are  part  of  the  active  networks.  Consequently  laminar  fluid  amplifiers 
must  be  used.  The  gain  of  a  laminar  proportional  amplifier  is  dependent 
on  the  Reynolds  number  at  lower  Reynolds  numbers.  The  Reynolds  number 
on  the  other  hand  is  a  function  of  temperature.  Thus  at  the  higher  tem¬ 
peratures  (and  associated  higher  Reynolds  numbers),  the  gain  of  the 
amplifier  is  essentially  independent  of  temperature;  but  if  the  temperature 
is  sufficiently  low  (with  associated  small  Reynolds  numbers),  the  gain  of 
the  amplifier  may  decrease  appreciably. 

If  the  gain  is  to  be  kept  constant  over  a  temperature  range  that 
includes  sufficiently  low  temperatures,  an  operational  amplifier  may 
prove  more  useful  than  an  ordinary  amplifier.  An  operational  amplifier 
consists  of  a  high  gain  amplifier  (or  chain  of  amplifiers)  together  with 
a  feedback  circuit  such  that  the  overall  gain  is  essentially  dependent  on 
the  passive  components  and  is  almost  independent  of  the  amplifier  gain 
provided  that  the  amplifier  gain  is  high.  Thus  the  temperature  dependence 
is  transferred  from  the  amplifiers  to  the  passive  components. 

Small  fluidic  amplifiers  with  low-flow  requirements  are  desired  to 
keep  flow  consumption  low.  If  the  amplifier  Is  small,  the  amplifier 
resistances  will  be  relatively  large.  Therefore,  even  the  relatively 
large  time  constant-corresponding  to  the  19  Hz  numerator  resonant  fre¬ 
quency  (equation  2)  could  require  only  a  small  value  of  capacitance.  If 
the  parasitic  capacitances  due  to  compressibility  effects  are  comparable 
in  value  to  the  required  capacitance,  the  circuit  frequency  response  will 
be  highly  dependent  on  the  parasitic  capacitance.  Since  this  is  undesiratle, 
unduly  small  amplifiers  and  the  small  capacitance  values  associated  with 
them  cannot  be  used  particularly  if  the  medium  is  air. 

For  this  paper  amplifier  resistance  values  of  5-0  x  1010  ^  fC'C 

PS  I 

(120  £-j-^-)  have  been  chosen.  This  resistance  value  is  produced  by  an 

amplifier  with  a  power  jet  nozzle  .05  cm  (.020  in)  square  operating 
with  hydraulic  fluid.  This  size  amplifier  provides  a  low  flow  drain 
while  still  allowing  reasonable  capacitance  sizes.  The  smallest  capac¬ 
itance  value  used  is  1.0  x  10  13  (A. 2  x  10  5  ^y)  •  A  bellows  capacitor 

with  this  value  should  have  parasitic  capacitances  to  ground,  due  to  the 
fluid  volume  on  either  side  of  the  bellows,  several  orders  of  magnitude 
below  the  point-to-point  value. 
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Section  7.1  shows  that  for  the  same  Reynolds  number  flow  the  resist¬ 
ance  of  an  orifice  depends  on  fluid  viscosity.  Amplifier  resistances  are 
essentially  orifices;  thus,  at  the  same  Reynolds  number  an  amplifier  using 
air  would  have  a  much  lower  resistance  than  that  of  the  same  amplifier 
using  hydraulic  fluid.  Regardless  of  the  fluid  tedium  laminar  fluid 
amplifiers  have  similar  gain  characteristics  for  the  same  Reynolds  number 
flow  [3].  Unfortunately,  the  bulk  modulus  of  elasticity  of  air  is  much 
less  than  that  of  hydraulic  fluid.  As  a  result  the  Improvement  In  output 
resistance  using  air  is  offset  by  the  problems  due  to  the  increase  in 
circuit  parasitic  capacitances. 

Although  hydraulic  amplifier  resistance  values  are  used  in  this 
paper,  circuit  .'rroedance  values  can  be  scaled  easily  for  air  operation 
or  for  different  sized  amplifiers.  To  scale  for  air  operation,  resistance 
values  should  be  multiplied  by  the  ratio  of  amplifier  resistance  using 
air,  to  the  resistance  using  hydraulic  fluid;  and  circuit  capacitances 
should  be  multiplied  by  the  inverse  of  this  ratio. 

4.  CIRCUIT  CHOICES 

Since  the  best  way  of  overcoming  the  problems  due  to  temperature  is 
still  to  be  determined,  many  (ten)  circuits  of  different  configurations 
were  chosen  for  analysis.  Eight  are  active,  two  are  passive.  Some  of 
the  active  circuits  require  only  a  relatively  low-gain  amplifier  so  that 
a  single  stage  is  utually  adequate.  Other  active  circuits  use  operational 
amplifiers  which,  as  indicated  earlier,  require  a  gain  block  and  a  feedback 
network. 

Circuit  selection  for  any  particular  case  will  depend  on  the  notch 
characteristics  required,  the  supply  fluid,  and  the  fluidic  components 
available.  Some  circuits  use  fewer  passive  components  than  others,  which 
is  particularly  important  with  respect  to  the  relatively  large  bellows 
used  as  fluidic  capacitors. 

Although  circuits  using  both  high-  and  low-gain  amplifiers  are 
described,  high-gain  amplifiers  in  operational-amplifier  circuits  will 
probably  be  required  because  of  the  gain  in  sensitivity  and  th;  isolation 
provided  by  the  low  output  impedance. 

5.  LOW-GAIN  AMPLIFIER  CIRCUITS 


A  wider  range  of  transfer  functions  can  be  produced  if  an  amplifier 
is  used  with  a  passive  RC  circuit.  However,  the  frequency  response  of  the 
circuit  is  sensitive  to  the  amplifier  gain,  and  the  input  and  output  im¬ 
pedances  of  the  fluidic  amplifiers  must  be  included  in  the  circuit.  A 
circuit  that  uses  only  one  amplifier  could  not  be  designed  to  meet  the 
specifications  associated  with  the  tank  gun  stabilization  compensator. 
However,  a  single-amplifier  circuit  was  found  that  could  produce  a  notch 
filter  with  a  deeper  and  narrower  notch  and  greater  phase  shift  than  that 
desired.  On  the  other  hand  a  two-amplifier  circuit  could  be  made  with 
the  necessary  characteristics. 
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5. 1  Low-Gain  Two-Ampl I f ler  Circuit 


Figure  3  shows  a  circuit  with  unspecified  RC  one  ports.  The  circuit 
transfer  function  [4]  is  shown  equated  to  the  Biquad  in  equation  2: 

Po  a  [Y3  -  uYj  _  s2  +  21s  +  1.4  x  104 

v  w  ♦  vv  -■■(«  -  ttyT  “  p  t  33V  Tmrm  •  l3) 

The  RC  one  ports  needed  to  produce  the  Blquad  are  found  by  a  circuit 
synthesis  technique  [4].  The  numerator  and  denominator  of  the  Biquad 
are  divided  by  the  term  (s+A) ,  yielding 


s2  +  21s  +  1.4  x  104 
_ s  +  A _ 

s^  +  33s  +'  4V6  x  io? 
s  +  A 


(s+B)  + 
(s+D)  + 


(21  -  A  -  B) s  +  1.4  x  104  -  AB 
s+A 

(33  -  A  -  D) s  +  4.8  x  10a  -  AD 
s+A 


Figure  3.  Two  amplifier  Biquad  circuit 


A  Is  chosen  so  that  the  remainder  quotients  in  the  numerator  and  denominator 
are  negative;  then  the  corresponding  positive  and  negative  terms  in 
equations  3  and  A  can  be  equated.  From  the  resulting  equations,  the 
values  of  the  one  ports  can  be  solved.  The  one  ports  are  simple  expres¬ 
sions  for  which  circuits  can  be  recognized  easily.  The  value  of  A 
determines  the  magnitude  of  the  one-port  timu  constants  a.'d  the  one-port 
circuit  configuration.  Proper  choice  of  A  will  provide  -easonable 
circuit  component  values  and  allow  the  amplifier  parasitic  resistances 
to  be  included  In  the  circuit  (see  also  sect.  6.3). 

Choosing  A  ■  120  in  equati  n  A  allows  the  amplifier  resistances  to 
be  Included  In  the  circuit.  Figure  A  shows  a  circuit  with  the  one  ports 
in  figure  3  evaluated  to  produce  the  required  Biquad.  The  componert  values  were 
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Figure  4.  Coefficients  for  two  amplifier  Biquad  circuit 


_  j 

scaled  so  that  the  smallest  capacitor  is  1.0  x  10~13  jj—  (see  sect.  3)- 

The  units  of  resistance  are  ^  .  For  simplicity,  this  circuit  and 

all  other  circuits  In  the  paper  are  shown  singie  sided  rather  than  dif¬ 
ferential.  Since  the  fluidic  amplifiers  are  differential  amplifiers, 
a  symmetric  differential  circuit  will  be  needed  for  fluidic  circuits. 

All  capacitors  In  this  circuit  are  shunted  by  resistors;  thus,  the  circuit 
can  be  used  with  hydraulic  supplies.  The  circuit  cannot  produce  the  required 
Biquad  unless  the  driving  source  Impedance  is  low.  With  the  exception 
of  the  input  impedance  of  the  first  amp.ifier,  the  input  and  output 
Impedances  of  the  amplifiers  are  Included  in  the  circuit.  This  impedance 
has  no  effect  on  the  circuit  frequency  response  if  a  low- impedance  driving 
source  is  used.  Although  the  amplifier  parasitic  Impedances  are  included 
In  the  circuit,  a  value  of  A  could  not  be  found  to  make  all  amplifier 

resistances  5.0  x  1010  ^  5ec 


m$ 


Since  some  of  the  resistance  values  are 


less  than  5.0  x  1010  —  -S-tC-,  additional  resistances  cannot  be  added. 

m3 

The  circuit  resistance  values  cannot  be  scaled  up  without  reducing 
the  capacitance  values,  and  one  capacitor  is  already  at  the  assumed 

minimum  value  of  1.0  x  10'13  (sect.  3).  Also  to  avoid  output  loading 

problems  the  parallel,  two-amplifier  circuit  in  figure  5  is  required. 

Table  I  shows  the  frequency  response  of  the  Blquad  in  equation  2  at 
a  low  frequency  (1  Hz),  the  zerj-dB  crossover-frequency  band  (5-8  Hz; 
exact  frequency  depends  on  system  gain),  and  at  the  notch  frequency  (17- 
21  Hz/.  The  phase  at  the  notch  frequencies  is  not  given  since  It  is 
not  important  for  system  stability.  The  gain  and  phase  are  only  given 
at  certain  critical  frequencies  where  the  filter  frequency  response  most 
affects  the  control  system  response.  The  tabular  data  display  provides 
an  easy  method  of  comparing  the  responses  at  these  critical  frequencies. 
Table  II  (sect.  «)  Is  the  frequency  response  of  the  low-gain,  two-amplifier 
circuit  shown  in  figure  I*.  The  frequency  response  of  this  circuit  and 
the  other  circuits  in  the  paper  were  calculated  using  Net  2,  a  digital 
circuit  simulation  language  [5].  The  circuit  of  figure  4  and  the  Biquad 
of  equation  2  have  frequency  responses  that  are  nearly  identical. 


f 


TABLE  I.  -  B I  quad  Frequency  Response 


FPEQ  (Hi) 

1 

5 

6 

7 

8 

17 

18 

49 

20  21 

Gain  (dB) 

.04 

1 

1.6 

2.3 

3 

-15.8 

-19.5 

-21.6 

-21  -19.5 

Phase (deg) 

-2 

-12. S  -17 

-23 

-3».5 

— 

— 

— 

-  - 

TABLE  II.  Low-Gain  Two-Ampl  If  Icr  Circuit  with  Parametric  Variations 


(a] 

1  Low-gain 

two-ampl  If  ler  i 

clrcul  t 

FREQ  (Hz) 

1 

5  • 

6 

7 

8 

17  ' 

18 

19 

20 

21 

Gain  («) 

.04 

1 

1.5 

2. 1 

2.8 

-15.8 

-19.5 

-21.5 

-20.8 

-19 

Phase  (^s) 

-2 

-12.6 

-17 

-23 

-31 

■ - 

— 

— 

— 

— 

<b) 

Resistance  x  1. 

.05 

Gain  (dB) 

.03 

1.1 

1.7 

2.3 

3 

-19 

-21.4 

-20.8 

-19 

-17-5 

Phase  (deg) 

-2.1 

-13.7 

-18.5 

-25 

-35 

— 

— 

— 

— 

— 

<c) 

Resistance  x  0 

.95 

Gain  (dB) 

.04 

.9 

1.3 

19 

2.5 

-12.6 

-16 

-19.6 

-21.5 

-20.9 

Phase 

-1.9 

-11.7 

-15-5  ■ 

■20.5 

-27 

— 

— 

— 

— 

— 

t 

j;  Gain 

x  1.05 

Gain  (dB) 

-7.6 

-7.8 

-8 

-8 

-8.5 

-17.3 

-18.8 

-19.8 

-19.8 

-19.1 

Phase  (deg) 

-2.7 

-14 

-17 

-20 

-24 

— 

— 

— 

— 

— 

(e)  Gain 

x  0.95 

Gain  (dB) 

♦7.8 

3 

1.4 

■3 

-3.7 

-25 

-33 

-33 

-26.6 

-23 

Phase (deg) 

-8.5 

-26 

-27 

-27 

-27 

— 

— 

— 

— 

— 
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Figure  5.  Output  joed  reducing  circuit 


Varying  all  the  resistors  In  the  circuit  in  figure  4  by  ±5  percent 
results  in  the  frequency  responses  In  table  II  (sect,  b,  c) .  Changing 
the  resistor  values  shifts  the  notch  center  frequency,  but  the  effect 
on  the  zero-dB  crossover-frequency  band  is  negligible.  Changing  the 
resistor  values  demonstrates  the  sensitivity  of  the  circuit  to  resistance 
changes  as  would  occur  with  temperature.  When  the  resistance  is  produced 
predominantly  by  viscous  forces,  the  * 5  percent  resistance  change  corresponds 
to  a  ?  3°C  change  for  hydraulic  oil  [6]  and  a  +8°C  and  -15°C  change 
for  air  [7]  for  an  initial  20°C  temperature.  The  relationship  between 
viscosity  and  temperature  is  quite  nonlinear  [6],  but  hydraulic  oil  Is 
more  sensitive  especially  for  large  temperature  changes.  Changing  the 
amplifier  gains  by  ±5  percent  (table  2d,  e)  changes  the  frequency  response 
significantly,  especially  at  the  lower  frequencies.  The  amplifier  gains 
will,  therefore,  have  to  be  kept  constant  to  maintain  the  desired  frequency 
response. 

5-2  Single  Amplifier  Circuits 

Figure  6  shows  a  Biquad  circuit  configuration  suggested  by  Balabanian 
[8],  and  fi  gure  7  shows  a  cirlct  configuration  proposed  by  Kuh  [9].  These 
circuits  can  produce  a  biquadratic  transfer  functions  and  both  have 
configurations  that  can  be  used  in  fluidic  circuits.  Unfortunately, 
neither  circuit  can  produce  the  Biquad  in  equation  1  unless  some  of 
the  passive  components  have  negative  values. 
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Figure  6.  Circuit  proposed  by  Belabartian 


Figure  J.  Circuit  proposed  by  Kuh 
5XI010 


Figure  8.  Elliptic  filter  circuit 
5.3  Elliptic  Filters 

Figure  8  shows  a  circuit  proposed  by  Kerwtn  and  Huelsman  [ 10 J  for 
an  elliptic  filter.  An  elliptic  filter  is  a  Biquad  circuit  with  zero 
damping  In  the  numerator.  Although  this  transfer  function  is  different 
from  the  Blquad  in  equation  2,  a  useable  notch  filter  is  produced.  It 
is  also  a  good  circuit  for  fluidic  use,  since  amplifier  input  and  output 
impedances  can  be  Included  in  the  circuit.  However,  since  the  feedback 
resistor  Is  blocked  by  capacitors,  this  circuit  is  better  for  pneumatic 
operation. 

The  transfer  function  for  the  elliptic  filter  shown  in  figure  8  is 
s2  +  1.4  x  104 

s2  +  33s  +  4.8  103  (5) 
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The  component  values  are  easily  found  from  a  set  of  equations  given  by 
Kerwln  and  Huelsman  [10]. 

Table  III  shows  the  frequency  response  of  the  elliptic  filter.  The 
phase  shift  at  the  zero-dB  crossover  frequencies  Is  greater  than  that  of 
the  required  Blquad  (table  I) ,  but  the  notch  depth  Is  much  greater.  Varying 
the  resistor  values  by  ±5  percent  moves  the  notch-center  frequency;  but 
because  of  the  greater  notch  depth,  the  rejection  at  the  notch  center 
frequency,  19  Hz,  is  still  greater  than  that  of  the  Blquad  in  equation  1 
(table  1 1  lb,  c).  Changing  the  gain  by  ±5  percent  has  little  effect 
on  the  notch  frequency  response,  but  the  phase  lag  at  the  zero-dB  cross¬ 
over  frequencies  Is  affected,  (table  Hid,  e) . 

5 . 4  Boddy- Feedforward  Circuit 

Boddy  [ll]  describes  a  number  of  fluidic  RC  circuits  that  Include 
a  Biquad  (figure  9).  The  circuit  corresponding  to  the  block  diagram 
in  figure  9  has  the  same  transfer  function  form  as  Boddy's  circuit  but 
provides  more  Insight  Into  the  circuit  design  and  simplifies  the  transfer- 
function  calculation.  The  transfer  function  for  the  circuit  of  figure  9 
is 

!° . » [y  ♦  <«  + »)«  « ^ 

Pj  “  s2  +  (a  ♦  B)s  +  aB  +  AC 

Matching  these  coefficients  to  the  resonant  frequencies  and  damping 
coefficients  In  equation  2  yields 

un  -/aB  +  C/B  C_  -  - —  (7a) 

"  27oB  “  C/B 

uiJ  -  /aB  +  AC  c.,  -  - 2_±JL  (7b) 

2/aB  +  AC 


Figure  9.  Feedforward  circuit  flven  by  Boddy 
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TABLE  III.  Elliptic  Filter  with  Parametric  Variation* 
(a)  Elliptic  Filter 


FREQ  (Hz) 

1 

5 

6 

7 

8 

17 

18 

19 

20 

21 

Gain  (dB) 

0 

1. 

1.6 

2.2 

3- 

-17.8 

-25 

-56 

-27.5 

-22 

Phase (deg) 

-2.5 

-15 

-20 

-27 

-36 

— 

— 

— 

tb) 

Resistance  x  1.05 

Gain  (dB) 

0 

1.2 

1.8 

2.5 

3.3 

-23 

-66 

-28 

-22 

-19 

Phase(deg) 

•’..6 

-16 

-22 

-30 

-61 

— 

— 

— 

- 

(c) 

Resistance  x  0.95 

Gain  (dB) 

0 

.6 

.9 

1.6 

2 

-13-6 

-18.6 

-'5.6 

-56 

-28 

Phase(deg) 

-2.lt 

-16 

-19 

-26 

-32 

— — 

— — 

(d)  Gain 

x  1.05 

Gain  (dB) 

.5 

1.6 

2.2 

3 

6 

-17 

-26 

-55 

-27 

-21.6 

Phase(deg) 

-2 

-12 

-16 

-22 

-30 

— 

— - 

1  1 

(e)  Gain 

x  0.95 

Gain  (dB) 

-.5' 

.5 

•  9 

1.6 

1.9 

-18.7 

-25-7 

-56 

-28 

-23 

Phase(deg) 

-3 

-18 

-26 

-31 

-62 

— 

— 

— 

— 

1  “ 

From  equations  7a  and  7b# 


a  +  B 
2 


(8) 


u  C 
n  n 


wd;d 


For  the  Blquad  in  equation  2,  the  product  of  the  resonant  frequency 
and  the  damping  ratio  of  the  numerator  and  denominator  quadratic  terms, 
respectively,  are  not  equal.  Therefore,  Boddy's  circuit  cannot  be  used 
to  produce  this  transfer  function.  Another  difficulty  with  Boddy's 
circuit  is  that  equation  8  limits  the  values  of  a  and  B;  thus,  the  gain 
C  must  be  very  large  (C  *  104)  to  produce  the  required  resonant  frequencies. 
Accuractely  maintaining  such  high  gains  is  not  feasible. 

5.5  Low-Gain  Amplifiers  Summary 

The  two-amplifier  circuit  (sect.  5-1)  is  the  only  circuit  found  with 
low  gain  that  can  accurately  produce  the  required  Biquad.  The  elliptic 
circuit  is  relatively  insensitive  to  gain  changes  and,  if  a  way  to  add 
darling  to  the  numerator  quadratic  could  be  found,  it  would  also  be 
relatively  insensitive  to  resistance  changes.  Both  of  these  circuits 
’vquire  low  'mpedance  driving  sources  and  constant  amplifier  gains. 

It  may  b«»  .iecessary  to  use  the  operational  amplifier  circuits  described 
in  the  next  section  to  provida  these  requirements. 

6.  OPERATIONAL-AMPLIFIER  CIRCUITS 

If  the  amplifier  block  has  sufficiently  high  gain,  the  gain  of  the 
operational  amplifier,  scaling  circuit  in  figure  10  Is  determined  by  the 
ratio  of  the  feedback  resistor  Rp  to  the  Input  resistor  Rj.  Also  the 

high-gain  amplifier  input  impedance  R^  and  output  Impedance  Rq  can  be 

neglected  when  the  scaler  is  used  in  a  larger  circuit,  tf  the  scaler 
circuit  is  used  as  the  amplifier  in  section  5,  the  scaler  gain  will 
remain  constant  as  long  as  Rp/Rj  is  constant  and  the  gain  is  sufficiently 

high.  Also  because  of  the  low  output  impedance  of  the  scaling  circuit, 
it  can  be  used  to  drive  the  circuits  in  section  5- 

rF 

. — I 


Figure  10.  Operational  amplifier  circuit  for  low  gain  scaler 

By  using  RC  circuits  In  the  input  and  feedback  of  high-gain  amplifiers 
(operational  amplifiers),  the  frequency  response  of  the  circuits  is 
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dependent  only  on  the  passive  components  as  long  as  the  gain  is  sufficiently 
high.  Because  of  the  relatively  low  input  impedance,  relatively  high  output 
impedance  and  only  moderately  high  gain  of  fluidic  gain  blocks,  the  loading 
effects  of  the  amplifier  parasitic  impedance  cannot  be  neglected.  Phase 
delay  In  the  gain  block  can  also  cause  stability  problems  [12,13]. 

In  this  section  of  the  paper  six  circuits  using  high-gain  amplifiers  are 
described,  and  the  frequency  response  of  the  circuits  including  amplifier 
parasitic  resistances  is  calculated. 

6.1  Incut  and  Feedback  Transfer-Impedance  Ratio  Circuits 

Figure  11  shows  a  high-gain  amplifier  with  a  two-port  input  and 
feedback  circuit.  The  overall  circuit  transfer  function  is 


whe  re 

Z2i  is  the  transfer  impedance  of  the  two  port, 

F  is  the  feedback  subscript,  and 

X  is  the  input  subscript. 

The  transfer  impedance  of  RC  two-port  circuits  are  catalogued  and 
can  be  found  in  many  references  [14,  15,  16].  Producing  the  required 
Biquad  becomes  a  task  of  finding  RC  transfer  impedances  with  complex  poles. 
The  placement  of  the  transfer- impedance  zeros,  the  spread  of  the  component 
values,  and  the  circuit  configuration  lead  to  several  circuit  possibilities 


Figure  11.  Input  and  feedback  ratio  operational  amplifier 
cl  rcu  1 1 


Figure  12  shows  a  bridged-tee  circuit  with  the  transfer  impedance  [ 1 7] 
•j  —  A  (Tjs  +  1) 

221  T'iT'zs^  i  tjs  ♦  1  (10a) 

and  A  -  R2,  Ti  -  2RiC,  and  T2  -  R2C/2 ;  (10b) 


using  this  transfer  Impedance  In  equation  9 

Pn  A,.(T  Fs  +  1)(T  T  js2  +  T  _s  +  1) 

0  r  iT  il  il 

The  coefficients  of  equation  11,  obtained  by  comparing  like  coefficients 
of  equations  1  and  11,  are 


(11) 


]F 


1.5  x  10-3 
7.0  x  10“3 


2l 


2F 


4.7  x  10‘2 
3.0  x  IQ-2 


(12) 


The  component  values  are  calculated  by  using  these  values  in  equation  10b. 

The  pole  frequency  In  equation  11  is  1 /T ^ ^  *■  670  rad/sec  o-  107  Hz,  and 

the  zero  frequency  Is  1/T^  ■  140  rad/sec  or  23  Hz.  The  pole  can  be 

Ignored,  but  the  zero  will  affect  the  desired  transfer  function 
(equation  1). 

Figure  13  shows  the  simple  bridged-tee  circuit  with  components 
evaluated  to  produce  the  required  Blquad.  The  hlgh-gain  amplifier  is 
assumed  to  have  a  gain  of  -2000  with  both  Input  and  output  impedances 

equal  to  5.0  x  1010  ^  The  dynamics  of  the  gain  blocks  are  assumed  to  be 

second  order,  with  a  resonant  frequency  of  200  Hz  and  a  damping  ratio 
of  0.5.  The  impedance  values  were  picked  for  a  hydraulic  amplifier, 
but  the  circuit  values  can  easily  be  scaled  for  different  Impedance 
values  by  a  different  choice  of  A.  The  amplifier  dynamics  were  chosen 
to  represent  the  lowest  resonant  frequency  measured  In  fluid  amplifier 
frequency  response  tests  [18], 


Table  IVa  shows  the  frequency  response  of  the  simple  bridged-tee 
circuit.  Because  of  the  additional  zero  at  23  Hz,  the  notch  is  not 
as  deep  as  the  required  Biquad  notch  (table  I),  but  the  phase  shift  at 
the  zero-db  crossover  frequencies  is  less  (tables  I  and  IVa).  Reducing 
Tjj  In  equation  il  would  reduce  not  only  the  notch  depth  but  also  the 

notch  width,  making  the  circuit  more  sensitive  to  notch  center  frequency 
shifts.  Some  tradeoffs  of  the  desired  Biquad  (equation  1)  characteristics 
might  be  considered  because  of  the  low  phase  shift  and  simplicity  of 
this  circuit.  Table  IV  (sect,  b,  c)  shows  the  frequency  response  with 
resistance  changes  of  ±5  percent.  The  notch  center  frequency  does  not  change 
significantly,  and  the  low-frequency  phase  shift  is  still  small. 


TABLE  IV.  Simple  Bridged-Tee  Circuit  with  Parametric  Variations 


<•) 

Simple  Bridged- 

•Tee  II  quad 

FREQ  (Hz) 

1 

5 

6 

7 

8 

17 

18 

19 

20  21 

Sain  (d») 

0 

1.2 

1.9 

2.6 

3.5 

-14.4 

-17.8 

19.6 

-18.9  -17 

Phase  (deg) 

-1 

-3.5 

-6 

-11 

-18 

— 

— 

-  - 

(b) 

Resistance  x  1.05 

Sain  (dl) 

0 

1.4 

2 

2.9 

3-7 

-17.3 

-19.6 

-18.9 

-17  -15.4 

Phase  (deg) 

0 

-4 

-7 

-13 

-22 

— 

— 

— 

-  - 

(c)  Resistance 

*  0.95 

Gain  (dl) 

0 

1 

1.6 

2.3 

3 

-11 

-15 

-18 

-19.6  -18.9 

Phase  (deg) 

0 

-3 

-5 

-9 

-15 

— — 

— . 

— — 

. —  — . 

. 

TABLE  V. 

Compound  Bridged-Tee  Blquad 

•  - 

FREQ  (Hz) 

1 

5 

6 

7  8 

17 

18 

19 

20 

21 

Sain  (dB) 

.28 

5.8 

-.75 

-5.6  -9 

-35 

-38 

-40 

-39 

-37 

Phase  (deg) 

-4 

-128 

-151 

-159  -163 

- 

TABLE  VI. 

Dual  of  Bridged-Tee  for  Lag-Lead 

and  Blquad 

(a)  Lag-Lead  and  Blquad 

FREQ  (Hz) 

1 

5 

6 

7  8 

17 

18 

19 

20 

21 

Gain  (dB) 

2.2 

-10.6 

-10.5  - 

10.2  -9-6 

-29 

-33 

-35 

-34 

-33 

Phase  (deg)  - 

72 

-47 

-46 

-49  -54 

— 

— 

— — 

— 

— 

(b)  Dual 

of  Compound  Bridged-Tee  Blquad 

Gain  (dB) 

-3 

-14 

-15 

-17  -18 

-37 

-40 

-41 

-40 

-38 

Phese  (deg)  ' 

80 

-82 

-87 

-92  -94 

— 

— 

— 

— 

— 
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The  grounded  resistor  In  figure  13  is  blocked  by  capacitors;  thus, 
this  circuit  Is  better  for  pneumatic  operation.  The  dual  of  the  bridged- 
tee  is  shown  In  figure  1**.  This  circuit  can  be  used  with  hydraulic 
fluid;  but  now  the  pole  and  zero  depend  on  T  ^  and  T2p,  respectively 

(equations  11  and  12),  which  are  at  lower  frequencies.  This  pole  and 
zero  radically  change  the  frequency  response  from  the  desired  values. 

6.1.2  Compound  Bridged-Tee  Biquad 

Adding  a  capacitor  in  parallel  to  the  circuit  in  figure  12  produces 
the  circuit  in  figure  15,  which  has  the  transfer  impedance  [17] 


with  T3  <  T 1 . 


■21 


+  1 


I iT 2s2  +  Tjs  +  1 


(13) 


The  zero  can  be  arbitrarily  chosen  as  long  as  T3  <  Ti.  Choosing 
T3  =  0.50  x  10"  3  for  both  input  and  feedback  impedances,  the  pole  and 
zero  produced  in  the  operational  amplifier  circuit  (equation  11)  cancel. 
The  circuit  element  coefficients  are  found  by  using  equation  12,  setting 
T3  =  0.50  x  1 0“ 3 ,  and  by  using  the  following  equations  [ 1 7] 

at,2 

1  R2  -  A 


Ri 


2tTiT*..-. 


mi  y _ 

7Tt?i  - 


rm 


04) 


-  T, 


AT- 


Figure  16  shows  the  circuit  used  to  produce  the  required  Biquad.  The 
operational  amplifier  has  the  same  gain  and  phase  characteristics  as 
the  amplifier  in  figure  13-  The  frequency  response  of  the  circuit  is 
shown  in  table  V  and  is  quite  different  from  that  of  the  required  Biquad 
(table  I).  This  difference  was  attributed  to  the  small  resistance  values 
that  load  down  the  amplifiers  output.  To  overcome  this  problem,  greater 
gains  or  lower  output  impedances  are  required. 


6.1.3  Compound  Bridged-Tee  for  Biquad  and  Lag-Lead 


Figure  17  shows  the  dual  of  the  compound  bridged-tee  circuit.  Since 
the  resistors  are  not  blocked  by  capacitors,  this  circuit  can  be  used 
with  hydraulic  supplies.  The  transfer  impedance  of  the  circuit  is  [19] 


where  T3  >  T2. 


Z21 


A(T,s  ♦  1) 

T lT2*2  +  ^ls  +  I”  * 


(15) 


The  zero  and  pole  produced  by  T^p  and  T  j,  respectively,  can  have 

arbitrary  values  as  long  as  T3  >  T2;  it  is,  therefore,  possible  to  make 
these  time  constants  similar  to  the  lag-lead  in  the  tank  compensator 
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control  system  (equation  1).  Using  the  time  constants  in  equations  1 
and  12  in  the  following  equations  gives  the  component  values  of  figure  18 


R1 

Cl 


AT?2 


i  LT32  -  Ti?T3  -  T2)J  "2  "  T ! ( T 3  -  T2) 


AT1_2 


06) 


A[Tn2  -  Ti(  T,  -  T?)] 
AT  3 


lx Ll 
ATT 


A 


2RiR^ 
2Ri  +  Ri 


Table  VI  (a)  shows  the  frequency  response  of  equation  1  and  table  VI (b)  shows 
the  response  of  the  circuit  in  figure  18.  Again  the  amplifier  is  loaded 
by  the  circuit  as  can  be  seen  by  the  large  phace  shift  at  the  zero-dB 
crossover  frequencies.  A  lower  output  impedance  amplifier  is  needed  for 
satisfactory  performance. 


6.2  Bohn's  Biquad  Circuit 

Figure  19  shows  a  multiple  feedback  circuit  configuration  proposed 
by  Bohn  [20, 2l].  The  boxes  represent  one-port  admittance  circuits. 

The  transfer  function  for  this  circuit  is 


Pj  y!Y4  +  YsTYi  +  y~  +  Y3  +  v4) 


(17) 


when  the  amplifier  gain  Is  large.  Various  one-ports  could  be  chosen  [2l], 
but  a  satisfactory  choice  for  a  fluidic  circuit  is  shown  in  figure  20. 
Following  are  the  circuit  values  that  were  found.  First,  the  one  ports 
in  figure  19  are 


Y i  =  G  j  Y2  =  C  2  s 

Y4  =  C4s  +  G 


Y3  =  G3 
Ys  -  Y6  =  CQs 


where  G j  =  1 /R . . 

Using  these  values,  equation  17  becomes 


(18) 


P 

o 


+ 


+ 


(Gl  +  G3  +  64)  s  _ G1G3 

C2  +  Cu _ Cp  (C?  +  C4 )  _  ( 

[G3C4  +  Cn  yG  i  +  G3  •<  G4  /  Js  j.  G  jG4 

g0\G2  +  C  4 )  Cg (C2  +  C4) 


Equating  like  coefficients  of  equations  19  and  2  provides  four  simultaneous 
equations  and  six  unknowns.  By  setting  two  of  the  unknowns  to  the  values 


C0  =■  1.0  x  10-13  and  Gj-j-'l.O*  10"10 ;  (20) 

R3 

and  using  a  digital  computer  routine  for  sets  of  nonlinear,  simultaneous 
equations  to  solve  for  the  remaining  unknowns,  the  component  values  in 
figure  20  were  evaluated. 
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The  amplifier  in  figure  20  has  the  same  gain  and  phase  characteristics 
as  previously  used.  Table  VII  (a)  shows  the  frequency  response  of  the  circuit 
in  figure  20.  The  response  is  slightly  different  from  that  of  the  required 
Biquad  because  of  amplifier  loading,  but  the  response  is  much  closer  to  that 
of  the  required  BIquad  than  the  two  previous  circuits.  Tables  VII  (b,c)  show 
the  effects  of  changing  the  resistors  by  ±5  percent.  The  frequency  response 
is  relatively  insensitive  to  the  resistance  changes. 


Because  the  amplifier  in  this  circuit  is  only  slightly  loaded  by 
the  circuit,  the  effects  of  lowering  the  output  impedance  were  investi¬ 
gated.  Since  for  fluidic  amplifiers  a  decrease  in  output  impedance 
causes  a  decrease  in  gain,  the  gain  was  scaled  down  by  the  same  ratio 
as  the  input  Impedance.  Table  VI  I (d,  f)  shows  that  there  is  no  improve¬ 
ment  in  the  matching  of  the  circuit  frequency  response  to  the  required 
Biquad  as  the  output  Impedance  Rq  and  gain  are  reduced.  However,  the 

change  in  the  circuit  frequency  response  is  quite  small.  Thus,  if  am¬ 
plifiers  with  lower  gain  and  lower  output  impedance  were  available, 
this  technique  might  be  useful.  The  gain  and  output  impedance  tradeoff 
will  work  for  other  circuits  when  the  output  impedance  is  the  major 
resistance  term  limiting  the  accuracy  of  the  frequency  response  [22]. 

One  advantage  of  a  lower  pressure-gain  amplifier  is  a  lower  output-pressure 
bias  level.  Because  of  the  feedback  to  the  amplifier  input,  a  lower 
output-pressure  bias  level  would  produce  a  lower  bias-pressure  level 
at  the  amplifier  input.  The  gain  of  most  fluidic  amplifiers  depends 
on  the  input-pressure  bias  level  [23]. 


6.3  Two-Operat i onal -Amp I i f ier  C i rcu i t 


The  circuit  configuration  shown 
function  [24] 


I  i  m 

k-«» 


YiY 


ILL 


Y,Y 


3 ' 6 


Mi. 

y4y5 


if  Y3  =  Y 


5- 


in  figure  21 


Yi 

Y6  -  Yu 


has  the  transfer 


(21) 


Setting  equation  21  equal  to  equation  2  gives 

Yi  -  Y,  s2  +  21s  +  1.4  x  10*4 
Ye  -  Y4  “  s2  +  33s  +  4.8  x  10J 


(22) 


Dividing  the  numerator  and  denominator  of  equation  22  by  s  +  a  gives 


s2  +  21s  +  1.4  x  104 
s  +  a 

s 2  +  33s  +  4.8  x  l63 
s  +  a 


.  „  .  (21  -  a  -  B)s  +  1.4  x  JO4  -  aB 
s  *  g  *  ~  s  +'  \ 

.  (33  -  a  ~  y)s  +  4.8  x  10^  -  ay 

®  Y  r :  4-  r* 


(23) 
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Figure  21.  Tv*)-<jperat  lonal  -ampl  if  ler  configuration 
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TABLE  VII.  Bohn's  Circuit  with  Parametric  Variations 
(a)  Bohn's  61  quad  Circuit 


FREQ  (Hz) 

1 

5 

6 

7 

8 

17 

18 

19 

20 

21 

Gain  (dB) 

.03 

1 

1.4 

2 

2.5 

-16.5 

-20 

-22 

-21 

-19.7 

Phase  (dag) 

-2.5 

-15 

-20 

-27 

-36.5 

— 

— 

— 

— 

— 

(b) 

Resistance  x 

1.05 

Gain  (dB) 

.03 

1.0 

1.6 

2.15 

2.65 

-19.6 

-22 

-21 

-19.6 

-18 

Phase  (deg) 

-2.5 

-16 

-22 

-30 

-41 

— 

— 

— 

— 

— 

(c) 

Resistance  x 

0.95 

Gain  (dB) 

.02 

.9 

1.3 

1.8 

2.3 

-13 

-17 

-20 

-22 

-21 

Phase  (deg) 

-2.5 

-14 

-19 

-25 

-33 

— 

— 

— 

— 

— 

(d) 

R  and 
0 

Gain 

i  2 

Gain  (dB) 

0 

.93 

1.4 

1.9 

2.4 

-16.6 

-20 

-22 

-21 

-19.6 

Phase  (deg) 

-2.5 

-15.4 

-21 

-27.5 

-37 

— 

— 

— 

— 

— 

• 

(e) 

R  and 

0 

Gain 

i  4 

Gain  (dB) 

0 

‘  .8 

1.2 

1.7 

2.2 

-16.7 

-20 

-22 

-21.4 

-19.7 

Phase (deg) 

-2.6 

-16 

-22.5 

-28.5 

-38 

— 

— 

— 

— 

— 

(f) 

R  and 
0 

Gain 

*  10 

Gain  (dB) 

0 

.65 

1 

1.4 

1.8 

-17 

-20.5 

-22.4 

-2:  .6 

-19.9 

Phase  (deg) 

-2.8 

-17 

-23 

-30 

-40 

— 

— 

— 

— 

— 
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Equating  corresponding  parts  of  equations  21  and  23  gives 

(21  -  a  -  B)s  +  i.k  x  104  -  aB 

y2 - -  m 

Y  ■  (33  ~  a  ~  y)s  +  4.8  x  103  -  cy 
4  s  +  a 

By  choosing  different  values  of  a,  3,  and  y,  the  admittances  of  different 
simple  RC  circuits  are  realized.  The  terms  ot,  3,  and  y  should  be  chosen 
to  maximize  time  constants  so  larger  capacitor  values  can  be  used  and  to 
ensure  that  Y2  and  Y4  are  negative.  Also,  if  no  resistors  blocked  by 
capacitors  are  desired,  then  It  is  required  that  a3  >  l.A  x  1 04  and 
ay  >  A. 8  x  103. 

Figure  22  shows  a  circuit  with  components  evaluated  for  a  -  160, 

3  **  160,  and  y  m  82.  Tab):*  VI  II  (a)  shows  the  circuit  frequency  response 
to  be  very  close  to  that  of  the  required  Biquad.  Changing  the  resistor 
values  by  ±5  percent  (table  VI  I  lb,  c)  shows  that  the  circuit  is  relatively 
insensitive  to  resistance  changes. 

6.1*  Three-Operat  ionai  -Ampi  1  f  ler  Ci  rcul  t 

A  Biquad  circuit  using  three,  operational  amplifiers  is  shown  in 
figure  23  [25,26].  This  circuit  has  the  transfer  function 


Yi  -  s  +  3 
Y6  -  s  +  y 


P 

o 


ms2  +  cs  +  d 
s2  +  »s  +  b 


1L1 


2  + 


LRlcl 


*JL-  M 


niiifl. 

mI 


s  + 


S2  +  _ L_  s  + _ ! _ M 

RjC]  R2R3C1C2  R7 


R3.RJaR7clf2  .  (25) 


The  values  for  m,  c,  d,  a,  and  b  can  be  evaluated  by  comparing  equation  25 
with  equation  2.  The  circuit  element  values  are  given  by  [25 J 


R>  "  Jc? 


r2 


/b  C2 


R3 

RS 


1 


K1K2  /b  Ci 

Kj/b 

dC2 


Re 


R4  “  T^TwTcTcT 

Rp 


(26) 


-  na. 

m 


Ry  ■  K7R8  • 


Because  there  are  five  equations  and  ten  unknowns,  C 1 ,  C2  and  Rg  are 
chosen  to  determine  impedance  levels,  and  Kj  and  K2  are  arbitrary  con¬ 
stants.  Making  R3C1  ■  R2C2  minimizes  circuit  sensitivity,  and  making 
Ki2I<2  ■  1  distributes  the  amplifier  gains.  Figure  2k  shows  the  circuit 
with  components  evaluated  to  produce  the  required  BIquad. 
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Figure  2k .  Three -4pe  rat  tonal -«mpl  i  fter  blquad  Circuit 


Figure  25. 

RLC  Configuration 
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Figure  2t.  RLC  biqued  circuit 
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TABLE  VIII.  Two-Operatlonal-Ampl If lar  Circuit  with  Parametric  Variations 


FREQ  (Hz) 

1 

(a)  Two-Operr.t  tonal -Ampl  If  ler  Blquad  Circuit 

5  -  7  8  17  18 

19 

20 

21 

Gain  (dt) 

0 

1 

1.5 

2.1 

2.8 

-16.5 

-20.4 

-22.6 

-21.7 

-19.8 

Phase (deg) 

-  2 

-13.7 

-18.4 

-24.8 

-33.7 

— 

— 

— 

— 

— 

(b) 

Resistance  x 

1.05 

Gain  (dB) 

0 

1.1 

1.7 

2.4 

3 

-19.9 

-22.6 

-22 

-19.8 

-18 

Phase  (deg) 

-2.3 

-14.7 

-20 

-27.5 

-38 

— 

— 

— 

— 

— 

.•  (c) 

Resistance  x 

0.95 

Gain  (dB) 

0 

.9 

1.4 

1.9 

2.5 

-13 

-17 

-20.6 

-22.6 

.-21.8 

•  hase (deg) 

-2 

-12.7 

-16.8 

-22.3 

-29.8 

— 

— 

— 

— 

— 

TABLE  IX.  Three-Operatlonal-Amplif ler  Circuit  with  Parametric  Variations 


(a)  Three-Operat lonal -Ampl i f ier 

Biquad  Circuit 

FREQ  (Hz) 

1 

5 

6 

7 

8 

17 

18 

19 

20 

21 

Gain  (dB) 

0 

1.0. 

16 

2.2 

2.9 

-16 

-19.6 

-21.6 

-21 

-19.4 

Phase (deg) 

-2 

-13 

-17.4 

-23-5 

-32.3 

— 

— 

— 

— 

— 

(b) 

Resistance  x 

1.05 

Gain  (dB) 

0 

1.1 

1.8 

2.5 

3.2 

-19 

-21.5 

-2) 

-19-4 

-17.9 

Phase(deg) 

-2.2 

-14 

-19 

-26 

-37 

— 

— 

— 

-  — 

—  -■ 

(c) 

Resistance  x 

0.95 

Gain  (dB) 

0 

.9 

1.4 

2 

2.7 

-13 

-16.4 

-19-7 

-21.6 

-21 

Phase(deg) 

2 

-12 

-16 

-21 

-28.4 

— 

— 

— 

— 

— 
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Table  IX(a)  shows  the  circuit  frequency  response.  This  circuit  has 
a  frequency  response  that  is  very  close  to  the  frequency  response  of 
the  required  BIquad.  The  additional  amplifiers  make  possible  the  use 
of  passive  component  values  that  do  not  load  down  the  amplifiers.  Table 
I X (b ,  c)  shows  that  the  effects  of  a  ±5  percent  resistance  change  are 
relatively  smal 1 . 

6. 5  Summary  of  Operational -Ampl if ler  Circuits 

The  three-operational-amplifier  circuit  (sect,  6.4)  produces  the 
required  Biquad  accurately.  The  circuit  also  requires  relatively  few 
passive  components.  Only  four  capacitors  are  needed  for  a  differential 
circuit.  However,  three  hlgh-gain  fluidic  amplifiers  are  needed  for 
the  circuit.  The  two-oper?t Junal -ampl if ier  circuit  (sect  6.3)  produces 
the  next  best  frequency  response.  Eight  capacitors  are  nreded  for  the 
differential  circuit.  Since  a  I  ow-  impedance  driving  sy>**rce  is  needed 
for  this  circuit,  three  high-gain  amplifiers  may  actuary  be  required. 
Because  the  driving  source  of  the  three-operational-amplifier  circuit 
in  figure  24  drives  only  resistors  connected  to  the  amplifier  input, 
which  is  effectively  grounded,  a  driving-source  resistance  changes  the 
circuit  gain  but  not  the  frequency  response.  The  two-  and  three-opera¬ 
tional-amplifier  circuits  may  therefore  require  three  amplifiers. 

The  Bohn  circuit  (sect.  6.2)  is  relatively  simple  but  is  less  accurate 
in  producing  the  required  Biquad.  The  phase  shift  at  the  zero-dB  cross¬ 
over  frequency  Is  greater  than  that  of  the  required  BIquad  and  will  reduce 
the  phase  margin  of  the  system.  The  other  single-amplifier  circuits, 
which  depend  on  the  ratio  of  the  input  and  feedback  networks,  load  down 
the  amplifier  so  that  the  frequency  response  is  very  inaccurate.  The 
only  exception  is  the  simple  bridged-tee  circuit  (sect.  6.1.1)  which 
does  not  load  the  amplifier  but  does  produce  an  extra  zero  in  the  transfer 
function.  This  zero  reduces  the  notch  depth  but  decreases  the  low-frequency 
phase  shift. 

7.  PASSIVE  BIQUAD  CIRCUITS 


The  main  advantage  of  passive  circuits  over  active  circuits  is 
that  ideally  there  are  no  amplifiers  to  affect  the  circuit  frequency 
response.  However,  in  practice  the  fluidic  passive  circuits  do  require 
amplifiers  to  increase  the  signal  level  and  to  provide  isolation  between 
cl rcul ts. 

An  RLC  circuit  that  can  produce  the  required  Bio'jad  was  found,  but 
the  high  resistance  of  the  fluidic  inertances  (tubes)  did  not  allow  for 
practical-sized  components.  A  passive  RC  notch-filter  circuit  with  a 
complex-numerator  but  real  denominator  quadratic  transfer  function  was 
also  found.  Compensating  this  notch  with  a  lead-lag  circuit  decreased 
the  excessive  phase  shift  at  the  zero  crossover  frequencies.  However, 
the  transfer  function  of  the  circuit  still  only  approximated  that  of  the 
requi red  Biquad. 
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7. 1  RLC  Circuit 

Figure  25  shows  an  RLC  circuit  with  the  transfer  function 


LCs2  ♦  R 


Pr 


R2 


<«rb<7>  *  c>>*!  * 


[ 


]Ci  s  +  1 

R1R2  Ci  +  c 

Rl  +  R2 


cir 


Rl  ♦  R2 


s  +  1 


K(7.0  x  10'5s2  +  1.5  x  10"3s  +  1) 

“  2.1  x  10'V  +  7.0  x  10*J  s  +  t  ’ 

where  K  is  an  arbitrary  scaling  constant.  Equation  like  coefficients 

gives  four  equations  and  five  unknowns.  By  letting  R2  *  5.0  x  101 °N-;C-C 
the  element  values  in  figure  26  are  found. 


From  the  numerator  of  equation  27 

L£JL-  .  ,  -7,0  _x.J0^  „  k  ,  x  ,0-2 

rIc7  Rl  1.5  X  10_i  ' 


The  ratio  of  inertance  to  resistance  of  a  tube  is 

kr  -  -  ‘,-7  * ,0'2 


where 


nr 


length  of  tube,  m, 
radius  of  tube,  m, 

density  of  fluid,  kg/m3,  and 

viscosity  of  fluid,  — 2 —  ■ 


Solving  equation  29  for  the  tube  radius  yields 


(28) 


(29) 


(30) 


where  u/p,  the  kinematic  viscosity  of  a  typical  hydraulic  fluid,  is 

2  1  x  10'5  —  , 
sec 

so  that  rQ  =  2. A  x  10_3m  (  0.1  in.),  (31) 

The  length  of  tube  with  this  radius  needed  to  produce  the  inertance  value 
in  figure  26  Is  2v 

t  -  1.3  x  10®  •  *  2m,  (32) 

using  p  =  8.8  x  102,  which  is  much  too  long  for  most  applications. 


To  perform  the  same  calculations  for  the  RLC  circuit  using  air,  it 
is  necessary  to  first  scale  the  component  values  for  the  lower  impedances 
in  air.  Assuming  the  amplifier  impedances  are  orifices 


(27) 
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where 

h  -  amplifier  nozzle  height,  m, 

v  -  fluid  velocity,  m/sec, 

S  ■  area,  m2, 

Q  -  vS,  volume  flow,  m3/sec,  and 

-  Reynolds  number,  dimensionless. 

From  equation  33,  D  N0p 

<»> 

Thus,  for  a  constant  Reynolds  number,  the  resistance  of  an  orifice  Is  pro¬ 
portional  to  the  fluid  viscosity.  The  viscosity  of  air  is  approximately 
1000  times  less  than  that  of  hydraulic  oil.  The  Inertance  and  resistances 
In  figure  26  should  be  reduced  by  a  factor  of  1000.  Using  1.5  x  10  5  for 
the  kinematic  viscosity  of  air  In  equation  30,  the  tube  radius  that 
provides  the  proper  damping  to  produce  the  required  Blquad  Is 

rQ  -  2.1  x  10‘3m  (*  0.08ln).  (35) 

This  is  approximately  the  same  radius  tube  found  for  hydraulic  fluid 
since  the  kinematic  viscosities  of  the  two  fluids  are  nearly  the  same. 

From  equation  32,  the  length  of  tubing  required  to  produce  an  Inertance 
1000  times  smaller  with  air  Is 

l  -  1.3  x  105  2}  *  1.1m  (36) 

v  air 

where  p  -  1.2,  which  is  still  very  long. 

From  equation  30,  it  was  found  that  relatively  large  diameter  tubes 
are  required  to  produce  the  low  damped  inertances  for  the  required  Blquad. 
This  large  diameter  tubing  in  turn  requires  long  tube  lengths  to  provide 
the  inertance  values  for  the  required  time  constants.  If  large  amplifiers 
with  lower  amplifier  resistances  are  used,  the  inertance  values  (and  thus 
the  tube  lengths)  can  be  reduced.  Equation  3 4  shows  that  the  resistance 
is  inversely  proportional  to  the  tube  area,  increasing  the  radius  4.5 
times  reduces  the  resistance  by  a  factor  of  approximately  20,  and  the 
tube  length  by  the  same  factor.  However,  the  amplifiers  will  now  require 
20  times  more  flow.  Another  problem  of  the  RLC  circuit  is  that  the  circuit 
is  very  temperature  sensitive  because  of  the  capillary  flow  resistance. 

It  is  also  necessary  to  drive  the  circuit  with  a  low-impedance  source. 

7.2  Passive  RC  Compensated  Notch  Filters 

Figure  27  shows  a  parallel-tee  circuit  which  has  a  transfer  function 
with  a  complex  quadratic  numerator  but  a  real  quadratic  denominator. 

The  circuit  includes  a  source  resistor  Rq  and  an  input  resistor  Rj.  The 

easiest  way  to  find  component  values  for  a  given  notch  width,  notch 
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Figure  28.  Parallel  tee  biquad  circuit 


Figure  29.  Lead-lag  circuit  configuration 


center  frequency,  and  values  of  Rq  and  Rj  Is  to  use  the  graphical  technique 

described  by  Bocast  [27].  The  circuit  with  the  component  values  shown 
In  figure  28  has  the  frequency  response  shown  in  table  X.  This  circuit 
has  much  more  phase  shift  at  the  zero-dB  crossover  frequencies  than 
the  required  Biquad  (table  1 ) ,  as  well  as  a  deeper  notch. 

A  lead-lag  circuit  can  be  used  to  decrease  the  phase  shift  at  the 
zero-dB  crossover  frequency.  Placing  the  zero  at  4  Hz  and  the  pole  at 
16  Hz  decreases  the  phase  shift  at  the  lower  frequencies.  Figure  29 
shows  a  passive,  lead-lag  circuit  which  has  the  transfer  function 


P 

o 


R 


where  K 


hi 


R2Cs  +  1 


1  +  R2  +  R3  R1R2  +  l*2R3  Cs  +  I 
Rx  +  R2  +  R3 

Is  an  arbitrary  scaling  constant. 


.04s  +  1 
.01s  +  P 

Setting  Ri 


(38) 

R3  -  5.0  X 


(amplifier  Input  and  output  resistors)  leaves  two  unknown  circuit  elements 
that  can  be  found  by  equating  the  like  coefficients  in  equation  37* 

All  the  circuit  values  are  shown  in  figure  30. 


It  was  found  that  a  slightly  different  lag-lead  in  equation  1  when 
used  with  the  parallel  tee  notch  and  lead-lag  circuit  produced  a  better 
approximation  of  the  original  transfer  function  (equation  1).  The 
circuit  for  the  passive  lag-lead  shown  In  figure  jl  has  the  transfer 
function 


Po  R,Cs  +  1  .06s  ►  1 

PX  "  2  Cs"TT  =  2I3TTT7 


(39) 


which  differs  slightly  from  the  lag-lead  In  equation  1.  Setting 

Rj  *  5-0  x  IO10  --- -yC-  (amplifier  resistances),  R2  and  C  are  found  by 

equating  like  coefficients  in  equation  38.  All  of  the  circuit  valuer 
are  shown  in  figure  32. 


Putting  the  circuits  In  figures  28,  30  and  32  together  gives  a 
passive  circuit  with  isolating  amplifiers  that  approximates  the  transfer 
function  in  equation  1.  Table  XI  shows  the  frequency  response  of  the 
combined  circuit.  Comparing  this  frequency  response  with  the  response 
of  equation  1  In  table  VI (a)  shows  that  the  passive  circuit  has  less 
phase  shift  at  the  zero-dB  crossover  frequencies  and  a  deeper  but  sharper 
notch.  If  the  resistance  values  are  changed  ±5  percent,  the  low-frequency 
response  stays  relatively  constant,  but  the  gain  at  the  notch  frequency 
changes  greatly  (table  Xlb,  c).  Table  XI (c)  shows  that  the  notch  center 
frequency  drops  5  dB  below  the  desired  value  (table  Via).  If  either 
temperature  remains  constant  or  the  system  can  tolerate  notch  depth 
variations  caused  by  temperature  changes  without  becoming  unstable, 
this  circuit  provides  a  means  of  building  a  notch  filter  with  passive 
elements  and  low-gain  fluidic  amplifiers. 
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TABU  X. 

Twin 

Tee  Circuit 

FREQ  (Hz)  1 

5  6 

7 

8 

17 

18 

19 

20 

21 

Cain  (dB)  0 

-2.3  -3.2 

-4.3 

-5-3 

-24 

-32 

-35 

-26 

-22 

Phase  (deg)  -.9 

-41  -47 

-52 

-57 

— 

— 

— 

— 

— 

TABLE  XI.  Passive  RC  Circuit  with  Parametric  Va  r  iat  ions 
(a)  Passive  RC  Comoensated  Notch 


FREQ  (Hz) 

1  '5 

6 

7 

8 

17 

18 

19  20  21 

Cain  (dB) 

-4.8 

-11.7 

-12 

-12.4 

-13 

-29 

-36 

-39  -30  -25.5 

Phase  (deg) 

-65 

-34 

-34 

-36 

-38 

_ 

-  -  ___ 

(b)  Resistance  x  1.05 


Cain  (dB) 

-5.1  -11.8 

-12 

-12.6 

-13 

-35  -40.6  -30  -26  -22 

Phase (deg) 

-64  -34 

-35 

-37 

-39 

- - —  —  — 

(c)  Resistance  x  0.95 


Cain  (dB)  -4.4  -II. 1 

-12 

-12.3 

-12.7 

-25  -29  -37  -39 

-30 

Phase(deg)  -65  -34 

-34 

-35 

-37 

—  —  -  - 

— 
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7.3  Summary  of  Passive  Circuits 

The  RLC  circuit,  although  theoretically  capable  of  producing  the 
required  Biquad,  is  limited  by  the  large  size  of  the  inertances  or  by 
the  large  supply  flows  required  by  larger  fluidic  amplifiers  needed  to 
produce  lower  amplifier  impedances.  The  RC  circuit  only  approximates 
the  required  Biquad  response.  Although  the  zero-dB  crossover-frequency 
phase  response  is  good,  the  notch  is  very  sharp  *nd  therefore  very  sensitive 
to  component  value  changes.  Because  of  these  problems,  it  is  probably 
better  to  use  the  active  circuits.  But  where  supply  flow  is  plentiful 
and  temperature  is  relatively  constant,  it  could  be  less  expensive  to 
use  the  passive  circuits. 

8.  SUMMARY  OF  B I  QUAD  CIRCUITS 

Ten  notch-filter  circuits  have  been  investigated  to  determine  whether 
they  can  fulfill  the  requirements  for  the  M60A1  tank  control  system. 

Table  XII  provides  a  summary  of  some  of  the  more  important  characteristics 
of  the  circuits  investigated.  We  note  that  the  circuits  that  require  a 
low- impedance  driving  source  will  need  an  additional  low-output- impedance 
amplifier  or  other  low-impedance  source.  The  number  of  passive  and 
active  components  in  the  circuits  is  given  in  the  table  since  this  is 
important  for  determining  packaging  size  and  flow  requirements.  The 
relative  sensitivity  of  the  circuits  frequency  response  to  resistor  value 
changes  listed  in  the  table  is  indicative  of  the  effect  of  temperature 
variations.  Tie  degree  to  which  a  circuit  produces  the  required  transfer 
function  is  indicated  qualitatively  in  the  column  labled  "Biquad  Performance". 
The  behavior  o'  the  high-gain  circuits  depends  on  the  values  assumed  for 
amplifier  gair  and  parasitic  resistances.  If  the  amplifier  gain  and 
resistances  a  -e  different  from  those  assumed  in  this  paper,  the  circuit 
frequency  response  will  also  be  affected. 

9.  CONCLUSIONS 


Of  the  various  circuits  described  in  the  paper,  the  three-operational- 
amplifier  circuit  appears  to  be  the  most  practical  fluidic  nctch-filter 
circuit  for  the  M60A1  control  system.  First  the  circuit  accurately 
produces  the  required  Biquad,  and  although  three  high-gain  amplifiers 
are  required,  the  other  high-gain  amplifier  circuit  that  c.in  accurately 
produce  the  Biquad  also  requires  three  amplifiers.  Most  in.portantly , 
this  circuit  requires  fewer  capacitors  than  the  other  circuits,  and  all 
of  the  capacitor  values  are  equal.  Because  the  capacitor  values  are  equal, 
the  resistor  values,  which  are  more  easily  controlled,  can  be  scaled  to 
provide  the  required  transfer  function  If  bellows  with  an  exact  capacitance 
value  cannot  be  obtained. 

Although  the  three-operational-amplifier  circuit  appears  to  be  the 
best  circuit  for  meeting  the  requirements  of  this  investigation,  other 
circuits  might  be  a  better  cho'ce  for  producing  different  notch-filter 
transfer  functions. 
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ABSTRACT 


This  report  presents  the  initial  results  of  an  effort  to  determine 
whether  low-power,  passive  hydraulic,  fluidic  control  components  operated 
In  the  linear  laminar  regime  can  be  used  In  high-performance  control  systems, 
l.e.,  control  systems  with  a  dynamic  range  >_  1,000  and  negligible  parasitic 
dynamics  below  100  Hz.  Hydraulic  resistive  and  capacitance  summing  Junctions 
and  compensation  circuits  were  tested  and  found  to  have  low  frequency  dynamic 
ranges  of  1 , 7J0  and  20,000,  respectively.  They  also  have  good  frequency 
response.  The  parasitic  dynamics  were  found  to  cause  6  to  8  degrees  phase 
shift  at  100  Hz  for  both  the  summing  junction  and  compensation  circuit. 

These  results  were  obtained  with  a  low-nolse-level  pump  (0.007  kPa 

or  0.001  psl),  nearly  constant  oil  temperature  (±2°C),  and  very  little 
entrained  air  bubbles  in  the  oil.  They  indicate  that  low-power,  passive 
hydraulic  fluidics  can  be  used  In  high-performance  control  systems  under 
these  conditions. 
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INTRODUCTION 


Low-power,  hydraulic  control  which  involves  sensing,  amplification, 
compensation,  etc.  is  currently  limited  by  (1)  the  lack  of  basic  design 
procedures  and  (2)  the  nonlinearities,  and  Inaccuracies  of  those  procedures 
which  are  available.  Therefore,  low-power  control  is  presently  accomplished 
by  electrical,  mecharical  or  electromechanical  means  [l].  Hydraulic  fluidics, 
which  can  be  used  to  amplify,  sense,  etc.,  offers  a  mean  for  overcoming 
the  limitations  ment  oned  above.  The  use  of  low-power,  hydraulic  control 
in  a  system  with  hydraulic  power  transmission  has  the  following  advantages 
over  electrical,  mechanical,  or  electromechanical  control: 

a.  The  hydraulic  to  electrical  or  mechanical,  etc.,  interface  devices 
are  el iminated. 

b.  The  transmission  power  supply  can  be  used  to  power  the  control 
ci rcui t. 

c.  The  overall  system  is  more  rugged,  (few  moving  parts). 

d.  The  overall  system  can  possibly  be  produced  and  operated  at 
lower  cost  (few  moving  parts,  no  auxiliary  power  supply  for 
electrical,  or  mechanical  components  [2]);  and 

e.  The  overall  system  is  simpler  [2]. 


This  paper  presents  the  initial  results  of  an  effort  to  determine 
whether  low-power,  passive.  hyJr;jl ic,  fluidic  control  components  operated 
in  the  linear,  laminar  regime  can  be  used  in  high  performance  control 
systems.  A  high  performance  control  system  Is  defined  as  one  with  a 
dynamic  range  or  operating  range  >_  1,000  and  negligible  parasitic  or 
unwanted  dynamics  below  100  Hz  open  loop.  The  study  was  made  using  the 
analogies  between  elementary  fluid  theory  and  simple  lumped-parameter, 
electrical  circuit  theory.  The  results  presented  here  are  performance 
and  design  criteria  with  respect  to  dynamic  range,  (DR),  and  frequency 
response.  Hydraulic  resistive  summing  junctions  and  resistive-capacitive, 
compensation  circuits  are  considered. 


HYDRAULIC  RESISTIVE  SUMMING  JUNCTION 


A  summing  junction  is  a  necessary  element  in  most  feedback  control 
systems.  Therefore,  the  hydraulic  summing  junction  shown  in  figure  1  was 
investigated.  It  consists  of  three  capillary  tubes  and  a  fixed  volume. 
The  tubing  impedes  fluid  flow  due  to  wall  shear  with  impedance  magnitude, 
Z,  given  by  equation  (1) 

Z (s)  -  R  +  sL  (1) 


where 

R  *  fluid  resistance 

£  =  tube  length 
D  =  tube  diameter 
s  *  Laplace  operator 


128u£ 
IT  D^ 


L  ■  fluid  inertance  = 

u  =  absolute  viscosity  of  the  fluid 
p  =  density  of  the  fluid 
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When  i  and  D  are  the  same  for  each  Impedance,  the  pressure  drops 


across  the 

Impedances 

In  SI 

units  are  then  given  as 

APi(s) 

*  P 1 (s)  - 

P3(s) 

128wl  .  _  4p! 

Ql Cs)  -  1\ (s) 

(b(s) 

ttO4  S  ttDz 

>  > 

AP2(s) 

-  P2(s)  - 

P3(s) 

(I28u*  W] 

02(s)  -  Z?(s) 

02(s) 

r  •*  +  W 

ap3(s) 

■  P3(s)  " 

p4(s) 

128pt  .  e  kpO 

Q3(s)  -  Z3{s) 

Q3(s) 

lD^+ 

where  the  pressure  In  the  volume  Is  assumed  to  be  uniform.  The  fluid  Is 
Incompressible  and  the  Junction  volume  Is  fixed  so  that  the  volume  flow, 
Q,  Is 

Q3(s)  -  Qi  (s)  +  Q2(s)  (3) 


From  equation  (2)  the  sum  of  the  Input  pressures  to  the  volume  P j  ( s )  + 
P2(s)  Is  given  as 


Pl(s)  +  P2(s) 


2P  3  ( s )  + 


128p£ 

1^- 


+  s 


4p  i 

w. 


[Qi (s)  +  Q2(s) ] 


00 


Substituting  (3)  into  (4)  gives 


Pl(s)  +  P2(s)  -  2P3 (s)  +  P3(s)  -  P4(s)  -  3P3(s)  -  P4(s)  (5) 

If  P4(s)  Is  the  systems  ambient  or  return  pressure  then, 

p,u)  •  ;  p»ls-)  (6) 

Therefore,  when  used  as  a  summing  junction,  neither  the  magnitude 
nor  the  reactive  component  of  the  iMpedance  affect  the  junction  dynamics. 
Moreover,  since  the  output  of  the  junction  is  not  a  function  of  Impedance 
magnitude,  It  Is  not  a  function  of  temperature. 


Capillary  tubing  with  1.585  mm  and  0.762  mm  ID  was  used  because  it 
was  readily  available.  The  lower  impedance,  1.585  mm  ID,  tubing  was  used 
to  build  the  summing  junction  since  the  junction  pressure  P3(see  fig.  1), 
must  drive  subsequent  circuit  components  whose  input  impedance  must  be 
high  with  respect  to  Z ( s )  or  R  to  minimize  loading  effects. 


The  experimentally  determined  DR  and  frequency  response  of  the 
junction  are  discussed  in  the  following  sections. 


SUMMING  JUNCTION  D 'NAM  1C  RANGE 


The  tubing  Impedance  Z  is  primarily  resistive  over  the  frequency 
range  of  interest;  therefore,  the  DR  of  the  junction  is  essentially 
determined  by  the  resistance. 
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(7) 


Hydraulic  resistance,  R,  due  to  wall  shear  Is  given 

R  -  528^ 

The  dynamic  range  of  hydraulic  resistance  due  to  wall  shear  Is 
given  as  the  ratio  of  the  maximum  pressure  difference  across  the  resistor 
to  the  minimum  pressure  difference  for  which  expression  (7)  Is  valid. 


OR 


Ap  [expression  (7)  valid] 

iDa  X 

Ap  .  [expression  (7)  validj 
mi  n 


(8) 


The  maximum  pressure  difference  across  the  given  tube,  for  which  the  loss 
is  linear  and  given  by  expression  (7),  is  determined  by  the  maximum  flow 
or  Reynolds  Number,  N^.  From  studies  by  Shapiro,  et  al  [3]  the  maximum 

Nr  for  which  equation  (7)  holds  is  given  by 


N 


Rmax 


5  *■ 
5  D 


(9) 


For  ND  higher  than  5  v  the  flow  is  not  fully  developed  and  equation  (7) 
is  not  val  id.  For  NR  <_  5  -  the  AP  across  the  tube  is 


AP 


128y£ 

nD1* 


Nr 


The  Reynolds  number  can  be  written  as 

VDp  m  *iQp 
U  irDp 

where 

V  «  veloci ty. 


(10) 


(11) 


Thus  flow  as  a  function  of  is 

Q  »  N 

Substituting  (12)  Into  (10)  gives 


mOu 


R  lip 


_  128y£  .  „  ttDu  _  32u2£  „ 

*p  •  nr  *  TTp - ZoT-  \ 

and  substituting  (9)  in  (13)  gives 

128y£  r  /£>  ttDu 

‘  5  w  ‘ 


AP 


max 


'O'  l*o 


(12) 


(13) 


(14) 


The  minimum  pressure  difference  AP  .  for  a  resistor  connected  to 

min 

arother  fluid  element  using  hydraulic  fluid  so  that  there  is  no  air  inter¬ 
face,  is  determined  by  the  system  noise  level.  However,  if  the  hydraulic 
fluid  flowing  through  the  resistor  exits  into  air  (which  is  the  case  in 
the  summing  junction  discussed  above),  then  the  minimum  pressure  difference 
for  oil  flow  in  a  horizontal  tube  is  the  pressure  needed  to  overcome  the 
surface  tension  force  at  the  tube  exit.  The  surface  tension  force,  a, 
for  MIL-H-56O6B  oil  is 


The  total  force  Is 


a  -  31.9  31.9  x  ,o-3  H 

cm  m 


F  ■  ottD 


Therefore,  the  pressure  acting  on  the  surface,  due  to  surface  tension  Is 

n  F  4F  4(J 

Pmr--s757-r  (17) 

tube 

Thus,  the  upstream  pressure  P,  must  be  >  .  The  exit  pressure  is 

atmospheric,  therefore 

AP.  -^2.  (18) 

min  o 

Using  this  expression  gives  the  maximum  obtainable  or  upper  limit  on  the 


Using  expression  (19)  the  OR  for  a  capillary  resistor  of  length  l  «  7.62  cm 
(3  Inches)  and  ID  *  1.585mm  (0.062  Inches)  is  680. 

The  low  frequency  dynamic  range  was  determined  using  the  test  setup 
shown  in  figure  2.  The  regulated  pressure  from  the  source  was  applied  to 
the  first  volume  so  that  for  this  test  Pj  *  ?2  and  p3  ”  2/3  Pi,  (see  fig.  1) 
The  low-pressure  measurements  were  made  with  variable  reluctance  pressure 
transducers  which  convert  the  applied  pressure  signals  to  electrical  signals 
The  electrical  signals  are  amplified  (then  attenuated  for  use  in  one  of 
five  output  voltage  ranges)  by  the  signal  conditioners  and  measured  with 
a  vacuum  tube  voltmeter.  The  high-pressure  measurements  were  made  with 
bourdon-type  pressure  gauges.  The  experimental  accuracy  of  the  measure¬ 
ment  was  ±3%  for  each  reading.  Data  on  the  dynamic  range,  taken  through¬ 
out  the  input-output  pressure  range  is  shown  in  figure  3  where  the  inter¬ 
mediate  range  is  omitted  so  that  the  complete  range  may  be  shown  in  one 
figure.  The  experimental  data  is  within  ±3%  of  the  ideal  value  at  a  point 
far  above  the  upper  limit  for  linear  operation  (fig.  3).  This  limit  was 
imposed  based  on  our  study  of  experiments  by  Shapiro  et  a!  [3].  The  data 
in  figure  3  indicates  that  our  choice  of  ■  5  5-/0  for  linear  operation 

is  conservative  and  that  a  value  of  s  12  l/D  may  be  more  appropriate. 

The  lower  limit  ^Pn ] n  agrees  with  equation  (18).  From  figure  3  the  DR  of 

the  junction  is 


1^1  kPa 
0.0805  kP. 


*  1,751 


Since  this  is  a  linear  system,  the  DR  is  given  by  the  ratio  of  the  maximum 
to  minimum  input  or  output  pressures.  The  ratio  p3  (max)  ^3  (min)  's  use<^ 

here.  The  data  also  Indicates  that  larger  ID  tubing  might  be  used  to 
provide  better  impedance  matching  with  the  subsequent  component  and  still 


obtain  a  DR  of  1,000.  If  there  is  no  1 iquid-to-al r  interface,  then  the 
lower  limit  on  the  element  DR  is  determined  by  the  system  noise  level  as 
previously  stated.  This  condition  leads  to  a  much  higher  DR  as  will  be 
seen  in  the  discussion  of  the  RC  compensation  circuit. 

Testing  was  limited  to  low  frequencies  because  a  large  amplitude  AC 
signal  could  not  be  generated.  However,  subsequent  tests  of  the  RC  circui 
makes  it  appear  that  the  dynamic  range  is  good  to  100  Hz. 

SUMMING  JUNCTION  FREQUENCY  RESPONSE 


The  frequency  response  of  the  junction  was  determined  using  a  test 
setup  similar  to  that  shown  in  figure  2,  where  Pj  =  P2.  From  equation  6 
the  junction  transfer  function  (fig.  1)  is 


G !  (s) 


(21) 


Quartz-type  pressure  transducers,  which  have  negligible  fluid  capac¬ 
itance,  were  used.  The  junction  frequency  response  is  shown  in  figure  A 
where  the  low-frequency  data  is  in  good  agreement  with  the  ideal  design 
response.  These  data  were  obtained  after  eliminating  essentially  all  the 
air  bubbles  from  the  junction  volume.  Parasitics  are  unwanted  dynamics 
which  are  due  to  unaccounted  for  Inductance  and  capacitance  in  the  circuit 
The  symbol,  I,  Is  used  to  indicate  the  amount  of  uncertainty  or  spread 
in  the  data.  The  uncertainty  occurs  at  high  frequencies  because  the 
signal  generator  output  decreases  with  increasing  frequency  and  its  out¬ 
put  in  the  60-100  Hz  region  was  just  above  the  noise  level  for  the 
electronic  phase  meter.  The  parasitics  that  occur  at  high  frequencies 
between  70  to  100  Hz  are  in  the  form  of  phase  lag.  The  high-frequency 
phase  lag  is  due  primarily  to  transmission  delay.  At  100  Hz  it  Is 
approximately  six  degrees. 

RC  COMPENSATION  CIRCUITS 


Hydraulic  resistive  and  capacitive  impedance  elements  have  been  used 
to  build  lag-lead  compensation  circuits.  The  hydraulic  circuit  is  shown 
in  figure  5a  and  its  equivalent  in  5b.  The  circuit  transfer  function  is 


It  can  be  rewritten  as 


G2  (s) 


T  i  s  +  1 
T2s  +  1 


where  Tj  = 
T2  = 

c  = 


R0C 

(R0  +  R| )c 

AVolume  <  (Area)2 
APressure '^Spr  i  ng  Rate 


for  bellows). 


(23) 
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,  and  denominator  (or 


The  numerator  (or  lead)  break  frequency,  fj  ^ 
lag)  break  frequency,  f j  ,  are  given  as 

^lead  2irT j  ^  1  a g  2itT2 

For  given  resistors,  R|  and  RQ,  and  available  capacitors  the  break  fre¬ 
quencies  were  computed  using  expression  (2k).  The  circuit  DR  and 
frequency  response  will  be  discussed  In  the  following  sections. 

RC  CIRCUIT  DYNAMIC  RANGE 

The  DR  of  resistive  elements  ( l  -  7-62  cm,  ID  *  1.585  mm)  exiting 
to  atmosphere  was  determined  in  the  previous  section.  Smaller,  0.762  mm 
ID  tubing  was  used  in  this  circuit  to  provide  high  input  impedance  and 
minimize  inductive  effects.  From  figure  5  it  is  seen  that  the  resistors 
in  this  circuit  do  not  exit  into  air  and  consequently  the  DR  is  higher 
since  Is  determined  by  the  system  noise  level.  The  maximum  pressure 

difference,  APmax  expression  (Ik),  for  a  resistor  of  length  5.08  cm 

(2  inches)  and  ID  of  0.762  mm  (0.03  inches)  is  approximately  k50  kP 
(65  psi) .  a 


The  dynamic  range  of  the  capacitor  is  given  as 

AP 

DR  ■  (25) 

min 

In  equation  25,  APmax  's  the  maximum  pressure  difference  which  may  be 

applied  across  the  capacitor  for  which  there  is  no  permanent  set  in  the 

moving  member,  a  bellows  in  this  case.  The  minimum  pressure  difference, 

AP  ,  ,  is  the  system  noise  level.  The  data  on  the  RC  circuit  will  give 
min  3 

the  DR  of  the  combined  RC  clrcu  t  and  Indicate  the  extent  to  which  the  DR 

of  the  individual  elements  coincide.  The  circuit  has  the  following 

calculated  Impedance: 


R,  -  3-3  x  10"  ID  =■  0.762  mm  £i  «  15.2k  cm  (6  in) 

R  -  1.1  x  10"  ID  -  0.762  mm  £0  -  5 . 08  cm  (2  in) 

o  ms 

C  -Jl.  2.32x10-13  “1 

Spring  Rate,  Kfe  -  219  x  102  N/m  (125  lb/in) 

Area,  Ag  *  7.13  x  10‘5  m2  (0.110k  in  ) 


The  experimentally  determined  value  of  C  is  7 ■ k8  x  10‘13  m5/N.  The 
difference  between  the  calculated  and  experimental  value  is  very  large  in 
this  case.  There  was  about  a  10%  difference  in  other  capacitors  that  were 


tested.  The  spring  rate  for  this  particular  bellows  was  different 
from  the  manufacturer's  specification.  It  was  probably  overstressed 
during  testing.  Since  there  is  no  resistance  to  ground  In  this  circuit, 
the  minimum  input-pressure  signal  is  determined  by  the  system  noise  level. 
The  system  noise  level  AP  .  in  the  test  setup  used  to  determine  the 

circuit  DR  was  found  to  be  <_  7  Pa  (0.001  psi).  For  peak-to-peak  input 
signal  pressures  of  145  kP  (21  psi)  in  the  1-100  Hz  range,  DR  >  21  000t 

3  "" 

qua’.tative  studies  of  the  circuit  input  and  output  signal  spectruns 
show  little  or  no  circuit-produced  distortion,  see  figure  6.  Figure  6 
shows  large  amplitude  inputs  at  1  and  20  Hz,  (the  signal  at  approxinate'y 
40  Hz  is  the  second  harmonic  of  the  electronic  signal  generator  signal 
at  approximately  20  Hz)  where  the  top  trace  is  the  circuit  input  and  the 
bottom  trace  the  circuit  output.  The  circuit  frequency  response  for  this 
large- input-ampl i tude  testing  will  be  discussed  in  the  next  section. 

The  system  noise  level  for  these  tests  is  the  noise  level  of  the  measure¬ 
ment  system.  The  dynamic  range  data  indie  tes  that  hydraulic  resistive 
and  capacitive  impedance  elements  have  very  high  dynamic  ranges.  In 
actual  hydraulic  control  svstem  appl ications,  the  system  noise  level  will 
be  different,  probably  much  higher.  This  would  suggest  a  lower  circuit 
DR.  However,  many  proposed  applications  of  hydraulic  fluidic  control 
use  differential  circuits,  so  that  noise  such  as  vibrations  shock,  etc. 
that  is  common  to  both  ports,  will  be  rejected  if  the  ampliHers  have 
good  common-mode  rejection.  A  study  of  laminar  amplifier,  common-mode 
rejection  is  now  being  conducted  at  HDL. 

RC  CIRCUIT  FREQUENCY  RESPONSE 


The  frequency  response  of  this  circuit  was  obtained  experimentally, 
using  the  test  setup  shown  in  figure  7-  The  signal  generator  provides  an 
electrical  sine-wave  signal  which  is  fed  into  the  electrohydraul ic  servo¬ 
valve.  The  servovalve  provides  a  proportional  hydraulic  sine-wave  signal 
in  response  to  the  electrical  input  signal  which  is  used  to  drive  the  RC 

compensation  circuit.  The  circuit  input  and  output  pressures  (P.  and  P 

l  o 

from  fig.  5)  are  monitored  by  quartz-type  piezoelectric  transducers 
These  transducers  convert  the  hydraulic  pressure  signals  into  electrical 
charges.  The  charges  in  turn,  are  amplifierd  by  the  charge  implifiers  and 
displayed  as  Lissajous  patterns  on  the  oscilloscope.  This  Lissajeus  data 
were  verified  by  additional  tests  using  a  Drantz  phase  meter  and  a  Bafco 
system  analyzer,  respectively,  in  place  of  the  oscilloscope.  From 
expression  (24)  the  lag-lead  break  frequencies  are 


lag 


2(32.9  x  10-*)“  0,it8  Hz;  f  1  ead  =  118.24  ; 


Tff=7)“ 


1.9  Hz 


(26) 


The  theoretical  circuit  response  with  the  above  break  frequencies  is  plotted 
on  the  sane  graph  (dashed  ’  ines)  as  the  experimentally  determined  response, 
figure  8.  The  experimental  response  is  seen  to  be  in  good  agreement  with 
the  theoretical  response  using  the  individual  component  values.  The  response 
is  the  same  for  small  as  well  as  large  (145  kP  )  input  signal  amplitudes. 
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The  high  frequency  parasitic  phase  lag  is  due  to  transport  delay.  The 
parastic  phase  shift  is  approximately  8  decrees  at  100  Hz.  The  design 
of  these  circuits  is  simple  and  the  actual  circuits  perform  very  close 
to  the  theroetical  value.  However,  in  this  case  the  value  of  capacitance 
had  to  be  determined  experimentally. 

CONTROL  SYSTEM  APPLICATION 


The  control  components  discussed  in  the  previous  sections  could  be 
used  in  a  feedback-control  system  such  as  shown  in  figure  9-  Components 
designated  Gj  and  G2  are  cascaded  (fig.  10)  and  have  a  transfer  function 
T(s)  where 

T(s)  -  Gj (s)  G2(s)  (27) 
CASCADE  COMPONENTS  DYNAMIC  RANGE 


The  static  or  low  frequency  Oil  of  the  cascaded  elements  depends  on 
the  range  of  the  individual  compon'.nts  and  the  extent  to  which  the  ranges 
coincide.  The  DR  of  the  cascade  components  is  shown  in  figure  11  where 
the  maximum  and  minimum  output  levels  of  Gi(s)  are  plotted  with  the 
maximum  and  minimum  input  levels  of  G2(s).  The  combined  DR  is  determined 
by  the  inner  most  curves  B  and  C,  that  is  1,750.  The  measured  low  fre¬ 
quency  DR  of  the  summing  junction,  which  was  limited  by  the  test  facility, 
is  projected  to  100  Hz.  The  loading  effect,  dynamic  range,  and  frequency 
response  of  these  cascade  elements  will  be  discussed  in  the  following 
sections. 

LOADING  EFFECT 


The  cascade  transfer  function,  expression  (27),  is  valid  if  the  input 
impedance  of  G2(s)  is  high,  so  that  there  is  little  loading  effect  on 
Gj(s).  The  combined  equivalent  circuit  of  the  elements  Is  shown  in 
figure  10.  Its  transfer  function  is 

,  R  Cs  +  1 

T(s)  -  |  - 2 - - -  (28) 

(R ,  R  +  -r^j  Cs  +  1 
I  o  3 

where  Rj  -  R2  =  R3  =  Rs,  from  figure  1.  The  ideal  dynamic  portion  of  the 
transfer  function  is  given  by  expression  (22).  The  error  in  the  lag  term 

between  expression  (22)  and  (29)  is  abouc  1%  [(R.  +  R  )  =  4. A  x  10" 

w  10  m 

and  R  =  9  x  109  i!i]. 

S  m5 

From  figure  9  it  is  seen  that  the  output  of  b2(s)  is  the  input 
signal  to  the  .ystem  plant.  Normally  the  compensation  circuit  output 
signal  Pq(s),  must  be  amplified.  The  result  depends  on  the  input  imped¬ 
ance  of  the  fluid  amplifier  used  to  ampl  •,  the  signal.  Amplifiers 
currently  being  studied  have  input  impedances,  R.  ,  approximately  equal 

Ns  1 

to  R^  where  Rq  =  1.1  x  10"  — .  figure  10.  Considering  the  amplifier 
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i nput  impedance ,  R. , 

becomes 

■ 

1 

R 

T (s)  » 

2!  ' 

[3j  R.  +  R.  ♦ 

1T73 


(*lRi 


R  C  +  1 

_ os  _ 

♦  R,R_  +  RLR_  +  (R./3)  (R_  +  Rj) 


*  *  * » 

I  o 


0  s 
♦  R,  4  R./3 


-}  Cs  +  1 


If  R.  were  Increased  by  a  factor  of  10,  that  is  Rj  m  1012 


then 


the  error  in  the  lag  term  would  be  nearly  4.3%  and  signal  amplitude  would 
be  only  75%  of  the  value  given  by  the  expression  (22).  An  even  higher 
input  impedance  is  desirable.  Such  an  increase  appears  possible  through 
amplifier  modification  at  the  expense  of  amplifier  gain. 


CASCADE  FREQUENCY  RESPONSE 


The  cascade  response  can  be  found  by  adding  the  response  of  the  two 
components  (figs.  4  and  8).  This  combined  response  has  a  parasitic  phase 
shift  of  approxinately  15  degrees  at  100  Hz.  This  response  assumes 
R.  >>  Rq.  For  the  case  where  Rj  -  10  Rq  the  lag  break  frequency  would 

be  4.3%  higher  than  the  value  given  by  expression  (22).  Other  than  this 
change  the  response  should  be  the  same  as  given  by  the  addition  of  the 
response  shown  In  figures  4  and  8. 

CONCLUSIONS 


A  static  or  low  frequency  DR  of  1,750  was  experimentally  determined 
for  the  resistive  summing  junction  where  the  experimental  transfer  function 
was  within  3%  of  the  ideal  value.  The  junction  frequency  response  is  In 
good  agreement  with  the  Ideal  response.  The  parasitic  or  unwanted  dynamics 
occur  at  high  frequencies  where  there  is  measurable  phase  lag  between 
70-100  Hz,  primarily  due  to  transport  delay.  At  100  Hz  the  lag  is  approx¬ 
imately  six  degrees.  This  lag  is  acceptable  for  high  performance 
operation.  If  this  circuit  did  not  have  a  1 iqu id-to-a i r  interface,  a 
much  higher  DR  would  be  possible. 

A  dynamic  range  of  20,000  was  determined  experimentally  for  the  RC 
compensation  circuit.  The  circuit  frequency  response  is  in  good  agree¬ 
ment  with  the  ideal  response.  The  parasitic  or  unwanted  dynamics  occur 
in  the  70-100  Hz  region.  They  are  primarily  due  to  transport  delay. 

At  100  Hz,  there  is  a  parasitic  phase  shift  of  approximately  8  degrees. 
Thus,  it  appears  that  low-power,  hydraulic  fluidics  can  be  used  in  high 
performance  control  systems  under  the  conditions  previously  stated. 

These  results  are  for  essential  constant  temperature  oil.  The  o!l 
temperature  in  most  hydraulic  systems  may  vary  over  a  considerable 
ranqe.  Oil  temnerature  changes  constitute  the  major  difficulty  in 
using  laminar  hydraulic  compensation  circuits.  This  difficulty  can  be 
overcome  in  two  ways;  first,  the  oil  car.  le  kept  at  constant  temperature 
by  appropriate  heating  and  cooling.  Secord,  since  the  low-pass  char¬ 
acter  of  this  filter  shifts  upward  with  increasing  temperature,  i.e., 

It  passes  higher  frequency  components,  it  may  be  possible  to  design  the 
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filter  so  that  at  the  maximum  oil  temperature  It  provides  sufficient 
gain  and  phase  margin  to  ensure  system  stability.  This  will  ensure 
system  stability  throughout  the  temperature  range;  however,  the  systems 
response  at  lower  oil  temperatures  will  be  degraded. 
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